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WELCOMING REMARKS

Dr. Bernard Lubarsky

Deputy Director
NASA Lewis Research Center

Good morning! It is my pleasure to welcome the Icing Workshop to

the Lewis Research Center. I'm impressed with the renewed interest in

icing as represented by the size of this group, and by the attendance

of many guests from other countries. If this meeting had been organ-

ized a few years ago, I believe we could have all sat around a card

table.

Lewis was very active in icing research through the 1940's and

early 50's. In this time period, de-icing techniques suitable for

large commercial transports were developed in our Icing Research

Tunnel which contributed to the all weather operation of current trans-

ports. This research effort was terminated in the late 1950's and

subsequently the only remaining activity was to provide operational

support of the tunnel at the request of other government agencies and

their contractors. Within the past few years, this low level of effort

has expanded to the point where it is difficult to satisfy all the

requests for testing in the Icing Research Tunnel. This renewed

interest is driven by both new requirements and new opportunities

offered by improved technology developed in recent years. These new

requirements encompass the need to obtain an all weather capability

for helicopters and general aviation aircraft, and the desire to

achieve more efficient equipment for commercial transports.

The interests in achieving all weather operation of helicopters

are to meet both a military requirement to operate over Europe during

the winter and a commercial requirement to service oil rigs in the

North Sea and off Alaskan shores. This capability would almost cer-

tainly find additional commercial uses once it is demonstrated. The

helicopter lacks the large power and heat sources that are used on a

commercial transport to de-ice the aircraft. Therefore, improved

techniques are required that are lower power, lighter weight, and
lower cost.

The advances achieved in avionics make all weather general

aviation a real possibility for the future. Since its payload capa-

bility (like that of the helicopter) is relatively small, present

methods of ice protection impose serious penalities on its capabili-

ties. Improved ice protection techniques with characteristics similar

to those required for helicopters are clearly needed.
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Although the icing program of the 1940's addressed principally the
needs of CTOL aircraft in that time period, the revolutionary changes

in CTOL aircraft for the 1970's and 80's have created new design

variables and operational conditions that were never considered in the

earlier work.

New technology which has evolved in the past decade can provide

new tools in achieving solutions to these icing problems. For example,

new de-icing techniques that have been proposed in reeent years

include microwave and electromagnetic impulse methods that are poten-

tially lighter and lower in power than current methods. Results from

the continuing evolution of ice-phobic materials also need to be

assessed periodically for aircraft applications. New instrumentation

such as lasers provide the means to define the testing conditions and

icing environment more accurately. Also, new methods in computational

fluid dynamic analysis can provide better predictions of ice collection

rates and ice shapes.

I'm pleased to see the renewed interest in icing and wish you a

successful workshop. I look forward to reviewing your recommendations.
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INTRODUCTION

John H. Enders
NASAHeadquarters

BACKGROUND

The recent renewal of interest in flight icing maybe surprising to many,
but it probably should have been expected. Our experience with safety and
operating p_oblems research has been that problems are "solved" for a time, and
then, as aircraft designs and operating practices change, these problems re-
emergeand call for renewed effort, often in terms of a finer-scale solution
than was offered earlier. Icing hazards to aircraft were thoroughly researched
nearly 2½decades ago. Reports were written on icing meteorology, forecasting,
ice accretion, and on ways to prevent ice formation or remove ice from surfaces
critical to flight. That effort summarizedpretty well what was known and
understood at the midpoint of this century.

Within a decade of completing that effort, the air carrier fleet movedin-
to the jet age. The operations were characterized by rapid climbs with plenty
of power to altitudes above most weather, including icing. Low terminal traf-
fic densities of that day allowed a similar swift descent to landing with little
dwell time at icing levels. General aviation and somemilitary traffic contin-
ued to contend with icing problems, but they had the improved icing knowledge
of the research program to allow modest improvements in operations. Icing,
from an applied aviation research standpoint, disappeared from our conscious-
ness, except for the occasional icing-related accident.

Within the past few years, several things have happened to bring about re-
newed interest in icing. Newaerodynamic designs have emergedwhich raise
questions of icing vulnerability for which the existing data are inadequate.
Expandedoperational regimes for both civil and military rotorcraft as well as

for general aviation aircraft have increased the exposures of these two classes

of aircraft to icing threats at a point in flight vehicle development and use

where expectations of operational dispatch reliability and dependability are

high.

WORKSHOP OBJECTIVES

A steady increase in the number of questions on icing vulnerability cou-

pled with an intensified icing test schedule prompted NASA and FAA, with the

planning assistance of DOD, to sponsor this Aircraft Icing Specialists Work-

shop. The objectives of the Workshop were as follows:

(i) To assess the current understanding of fixed wing and rotorcraft opera-

tional icing environments and problems
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(2) To evaluate facilities requirements for R&Dand certification purposes

(3) To examinemeansof improving icing forecasts

(4) To identify shortcomings in aeronautical icing knowledgewhich can be
alleviated by new research and instrumentation development

To achieve these objectives, a representative cross section of knowledge-
able icing specialists in the aviation community were invited to participate in

this Workshop. The 113 experts who attended came from various countries

throughout the free world and included icing researchers; meteorologists and

forecasters; sensor/instrument specialists; general aviation, transport, and

rotorcraft airframe and engine manufacturers; and civil and military operators

and pilots. In this way, the broadest possible view of the icing problem was

obtained, and wherever possible, concensus views of desirable and necessary

future action with regard to operating in icing conditions were obtained.

Since the intent of this Workshop was to share information from a wide

range of specialist groups, most of whom normally have little or no regular

contact with one another, the Organization Committee decided on an interactive

format for the meeting. This format provided opportunities for some structured

state-of-art overviews of certain icing topics along with group and one-on-one

discussions during the three-day meeting. An exchange of ideas, thoughts, and

information resulted that could never have been attained from conferences or

symposia.

WORKSHOP PROCEDURES

Each participant was assigned to one of six committees. Each committee

was assigned a specific area of interest in order to provide a broad, struc-

tured spectrum within which the many icing subtopics could be addressed. Each

committee chairman organized and guided his committee in its interactions. The

Organization Committee formulated a set of guidelines for each committee con-

sisting of a list of objectives and representative questions tailored to each

committee's particular interest. The questions were formulated to facilitate

the interactive discussions across the specialist group interest lines. The

guidelines furnished to the committees are presented on pages 67 to 72.

This Workshop began with welcoming and introductory remarks. The overview

papers that followed addressed the recent progress in several areas of aircraft

icing and icing meteorology. Following these presentations, each committee met

to discuss its objectives and to establish a collective reference point for the

interactive sessions that followed during the next day and a half. The meeting

schedule (p. ix) shows how the committees interacted so that every participant

had opportunities to give and receive views on all topics. On the final morn-

ing the committees again met individually to assemble their committee reports.

A final plenary session provided time to present the committee reports to the

assembly and for general discussion. The keynote presentations'and the commit-

tee reports are followed in this publication by appendixes that contain an addi-

tional report pertinent to the theme of this Workshop, the Workshop agenda, a
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list of the committees with their membersand chairmen, and a list of the Work-
shop participants.

During the Workshopthe attendees toured the Lewis Icing Research Tunnel
(IRT) and the Lewis Altitude Wind Tunnel, which has been proposed for modifica-
tion into a Large Subsonic Propulsion and Icing Test Facility.

COMMITTEEMEETINGSCHEDULE

Committee

MET- Meteorological Research

FOR- Icing Forecasting

DEV- Systems Development

CO - Civil Operations

MO- Military Operations

FAC- Icing Research and Facilities

Chairman

Dr. Helmut Weickmann
Mr. Arthur Hilsenrod

Mr. Richard L. Kurkowski

Lt. Col. ThomasWest

Lt. Col. GeorgeW. Sibert
Mr. Milton A. Beheim

Session

Auditorium Foyer
(133)

Room

Administration Building

225 14
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CO/FoR
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Wed., i:00 - 2:30 pm

First session

Wed., 3:00 - 4:30 pm

Second session

Thurs., 8:15 9:45 am

Third session

Thurs., i0:00- 11:30 am

Fourth session
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Fifth session
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EXECUTIVESUMMARYOFAIRCRAFTICING SPECIALISTSWORKSHOP

Milton A. Beheim
NASALewis Research Center

HISTORICAL PERSPECTIVE

An important chapter in the historical evolution of aircraft is that re-

lated to icing research. From 1940 to 1955 the particularly significant ef-

forts made in industry and at government laboratories (particularly NACA) were

directed toward defining the natural icing environment, determining its effects

on representative aircraft components, and designing techniques for ice protec-

tion concepts. The results established a basis for certification criteria and

meteorological reporting procedures that proved to be generally acceptable to

achieve all-weather capability for the large transport aircraft of that time.

When this effort ended in the late 1950's, the principal emphasis in the design

of transport aircraft had shifted to jet power. Because of higher installed

power and high cruise altitudes, these jet aircraft were exposed less to ice.

In fact, they were even more ice-tolerant than propeller transports. The major

manufacturers of these aircraft continued to develop increasingly sophisticated

analysis and testing techniques for icing protection that were tailored to the

specific aircraft being certified. Although the certification criteria were

generally recognized to be conservative, the penalties to aircraft performance

and cost were not excessive since large quantities of heated, high-pressure air

were readily available from their powerplants for ice protection systems on the

engines and airframe. For many components of such aircraft it even became pos-

sible to eliminate the ice protection systems entirely simply because their

physical size was so large that ice accretion was minor in extent and the re-

suiting aerodynamic influence was acceptably low.

This trend in the design of new large transport aircraft continues to the

present day. However, in a period of escalating development costs for new air-

craft, there is growing interest in a renewed and coordinated icing research

effort to achieve an updating or modernization of each aspect of the technolog-

ical issues that are involved. This includes the data base, analysis methods,

test techniques, and test facilities.

In recent years it has become necessary to extend the icing technology to

entirely new classes of aircraft: rotorcraft and general aviation. The emerg-

ing "small transport" aircraft, the proposed FAR Part 24 airplane, may operate

more frequently in icing environments than the large jet transport. The ad-

vances achieved in avionics now provide the opportunity to operate in severe

weather with these smaller aircraft as well as with the large transports. How-

ever, the icing protection requirements for these small aircraft are so unique-

ly different from those for large transports that an extrapolation of the cur-

rent base of icing technology is clearly inadequate. The components of these

aircraft are smaller so proportionately heavier accretions of ice are more llke-

ly to occur. Consequently, their aerodynamic performance will deteriorate more



drastically. Penalties for the weight of icing protection systems are also
more severe since the payload fraction of these aircraft is already relatively
low. In addition, their engines differ in cycle characteristics so large quan-
tities of high pressure heated air are not readily available for ice protection.

Consequently, the technological issues requiring modernization not only include

those listed earlier for transport aircraft but they also extend to unconven-

tional ice protection concepts.

Furthermore, to avoid undue penalties in design and operation, the certifi-

cation criteria and weather reporting procedures for large transport aircraft

need to be reexamined for their applicability to small aircraft.

OVERVIEW OF ICING EFFECTS ON AIRCRAFT DESIGN

An important step in the design of aircraft for operation in icing condi-

tions is to establish the nature of the most severe icing encounter that may be

expected. Although the detailed character of the natural icing environment is

complex, the principal parameters are air temperature, liquid water content,

and mean drop size. Extreme values for combinations of these parameters are

the basis for certification criteria, and they were derived from statistical

analyses of rather limited flight data. A typical example is shown in figure i.

The accretion of ice on an object in an air stream depends on the quantity

of water that strikes its surface. When the drops are small compared with the

size of the body they tend to follow the flow streamlines around the body and

few drops strike its surface. Conversely, when the drops are relatively large

they tend to follow straight lines and so impact on the frontal body area.

Consequently, larger, blunter bodies collect relatively less ice than smaller,

sharper bodies. This effect is illustrated in figure 2. The accretion of ice

further depends on surface heat-transfer balances involving phase changes and

local heat-transfer rates. Analytical models of these conditions are used ex-

tensively throughout the development process for the aircraft and its ice pro-

tection system.

The resulting shape of the ice cap depends on the influence of the local

flow field in distributing the liquid water over the surface before it freezes.

Hence, the rate of freezing is important and so is the distorted shape of the

surface that results from the prior accumulation of the growing ice cap. At

low temperatures where freezing is rapid, a type of ice called rime forms a

streamline shape. For warmer conditions, the water film flows more extensively

before freezing and a type of ice called glaze freezes in a horn shape. Repre-

sentative formations are shown in figure 3. Aerodynamic effects of the ice cap

are evaluated by means of artificial ice in an icing wind tunnel, by simulated

ice in conventional wind tunnel or flight test programs, or by flying in natural

icing conditions.

The principal effects of ice accretion on an aircraft are to decrease pilot

visibility, increase weight, reduce aerodynamic performance (such as lower stall

limits or lift to drag ratio), or cause structural damage to critical components

such as that damage resulting from the ingestion of ice into turbine engines.



The consequencesof the latter are so severe that the propulsion system merits
top priority for icing protection. Although the degradation of the aerodynamic

performance of airframe components varies considerably depending on the compo-

nent in question, the consequences are potentially of such great importance to

aircraft safety that a careful evaluation of icing effects is required in the

design and development process. Assessments of these effects determine the ex-

tent of icing protection that is selected for a specific aircraft. Two differ-

ent means for icing protection are common: an anti-icing system is in continu-

ous operation to prevent ice accretion, and a deicing system is operated inter-

mittenly to shed ice after it has developed to a predetermined limit. Deicing

has an advantage in reducing the total energy required and thermal systems can

be employed. Common means of thermal protection employ heated air ducts or

electric resistance heaters located in the component being protected. An alter-

nate approach is a mechanical system using a pneumatic boot which is inflated

periodically to break loose the ice cap. Each method offers unique advantages

and disadvantages. The disadvantages, which become more obvious in applications

to small aircraft or rotorcraft, are evident in terms of high initial and main-

tenance costs, excessive weight and power requirements, and marginal effective-

ness and reliability. To verify that a particular aircraft design is suitable

for operation in icing conditions, a flight test program is normally required

in the natural icing environment. However, because of the difficulties encoun-

tered in locating severe natural icing conditions with a test aircraft, artifi-

cial icing tests using tanker aircraft and ground test facilities (icing wind

tunnels and engine test cells) play an important role. Certification is then

accomplished by a composite analysis and extrapolation of data from all sources.

The artificial icing tests verify the limits of specific systems, and the natu-

ral icing tests ensure that nothing has been overlooked.

ICING RESEARCH NEEDS

The principal areas where further research is required are summarized in

table I. The top portion indicates those technical subjects which are of broad

and general interest regardless of the type of aircraft being considered. The

bottom portion identifies specific applications of this generalized technology

that pertain to aircraft components that are unique to a particular aircraft

concept.

GENERALIZED TECHNOLOGY

Meteorology

Table I indicates the four major needs in meteorology that have general

applicability in all aircraft icing situations.

Cloud physics. - A fundamental aspect of meteorological research that

underlies success in all aspects of the icing problem is a sufficient knowledge

of cloud physics. Not only does it influence the techniques for measuring and

forecasting the icing environment, but it can also influence the appropriate



modeof flight operations. The most significant effort in recent years that
relates to cloud physics was directed toward weather modification objectives.
Since these weather conditions are closely related to those causing icing con-
ditions, it appears appropriate to reexamine the results of that effort for its
applicability to icing research. In particular, it could provide better in-
sight into the finer scale structure of icing clouds. Although this structure
may be of lesser importance for high-speed transport aircraft, it can be very
significant for low-speed aircraft such as rotorcraft.

Icing environment. - Another aspect of meteorological research is the def-

inition of the natural icing environment that is encountered during flight.

The parameters of interest are the extreme values of liquid water content and

the mean drop size for various values of outside air temperature. Appropriate

combinations of these parameters are established for two different cloud forma-

tions: stratiform and cumulus. The values currently being used were developed

from a statistical analysis of several hundred flight observations that were

made of natural icing conditions in the late 1940's and early 1950's. Although

these extreme conditions were used as an interim definition of the environment

pending further vertification at a later date, it was never done. Consequently,

several questions exist today regarding the validity of these definitions of

the icing environment for application to future aircraft. In particular, the

following limitations exist:

(i) The older measurements have been extrapolated to an accuracy that ex-

ceeds the statistical accuracy of the data.

(2) The accuracy of the older measurement techniques are questioned in

light of recent work using modern instrumentation.

(3) The range of altitudes for the old data (from 4000 to 20,000 feet) is

too restricted for new types of aircraft.

(4) Extrapolations of these data to low altitudes are now known to be

physically unrealistic.

(5) The horizontal extent of the icing cloud has not been adequately de-

fined.

(6) The ground cloud parameters have not been determined.

(7) The fine grain structure of the icing cloud and hence the time depen-

dent characteristics resulting from flight through it have not been defined.

(8) The parameters for defining the mixed conditions of ice particles and

supercooled water have not been established.

These limitations are generally viewed as having created an overly conservative

view of the icing environment. Although this conservatism may be tolerable for

large transport aircraft, the penalties for small aircraft and rotorcraft can

be excessive; consequently, a renewed research effort is justified.

4



Forecasting. - A third requirement is improved weather reporting and fore-

casting procedures and techniques. The present system of reporting relies en-

tirely on qualitative terms (such as light or severe) that do not recognize the

varying susceptibility of different aircraft designs to identical icing environ-

ments. For example, light icing for a large transport could be severe for a

small airplane. The only reasonable alternative to this problem is to intro-

duce quantitative terms so that an aircraft operator can make operational deci-

sions that are the most appropriate for his own particular aircraft. Although

a knowledge of all three icing parameters (water content, air temperature, and

drop size) are very much desired, it is evident that drop size is the hardest

to measure with present instrumentation and weather observation techniques.

However, a knowledge of the other parameters which are more easily measured

would greatly enhance the operational capabilities of smaller aircraft.

Remote observation. - The need for techniques for the remote observation

of weather conditions in terms that can be interpreted to infer icing condi-

tions is clearly evident. One type of observation that is needed is a large

scale view of weather patterns so that the location and extent of icing condi-

tions can be identified and reported. One such approach is to use an airborne

automated icing observation system. A second type of observation is a more
localized measurement that can be made from individual aircraft so that a "look

ahead" capability can be used to select the best flight profile when an icing

condition must be entered. It is not yet evident which observation techniques

are most suitable for these requirements, but radar or microwave concepts offer

some potential.

Aircraft

The next portion of table I relates to generalized technology, and it in-

dicates four important research areas in the design, development, and operation

of aircraft.

Ice accretion. - The first area deals with the nature of ice accretion on

a variety of geometric shapes. Earlier work in the 1940's identified the gen-

eral character of these ice formations and their sensitivity to icing parame-

ters. Effective means of analyzing water impingement and heat-transfer effects

were evolved in the 1950's so that predictive methods became useful in cases

where two-dimensional flow effects were dominant. However, most modern aircraft

flow fields exhibit important three-dimensional characteristics. In addition,

predictive methods for the ice cap geometry and its influence on the flow field

are not well developed because of flow separation effects. In recent years,

advances in computational fluid mechanics have been achieved which potentially

could provide major improvements in treating these effects. Further develop-

ment of these analytical tools would be very useful, particularly when a decis-

ion must be made early in the design phase whether or not the accretion of ice

on an aircraft component has such severe aerodynamic effects that an icing pro-

tection system is required.

A second aspect of ice accretion that requires further investigation is

the scaling of the accretion process and its aerodynamic influence so that sub-

scale model tests are developed into a more powerful tool than at present.

Ground test facilities such as wind tunnels play a very important role in the



design and development of aircraft. At the present time, however, those tun-
nels with the unique capabilities for icing tests are relatively small. The
largest such tunnel in North America is the NASAIcing Research Tunnel at the
Lewis Research Center with a 6_9 foot test section. Although somefull-scale
componentscan be tested, it is obvious that scaling techniques are required to
support the design and development of new aircraft. This is particularly true
for aircraft with large componentsthat also have a high sensitivity to ice
accretion such as the rotor of a helicopter.

A third aspect of ice accretion which requires additional effort is the
bond strength characteristics between the ice cap and the aircraft structure.
The bond strength characteristics influence the shedding properties of the ice
cap as a consequenceof aerodynamic forces, centrifugal forces, or vibratory
forces. These properties vary depending on the type of ice, the structural
material and surface treatment, and the structural temperature. Although ini-
tial efforts have been madeparticularly with respect to the use of icephobic
surface coatings, the scope of the work should be expandedas new materials

(such as composites) come into wider use and as new applications (e.g., helicop-

ter rotors) become necessary.

A fourth subject relating to ice accretion is the simulation of the ice

cap with model ice constructed of fiberglass, plastic, or other conventional

materials. Recent work in industry indicates initial success in specific ap-

plications so that simulated ice was used on conventional wind tunnel models of

aircraft or on flight test aircraft to evaluate the aircraft aerodynamic sensi-

tivity to ice accretion and to assess the need for ice protection systems. If

these techniques could be generalized and vertified with additional research,

it would provide a powerful tool for developing new aircraft. Large-scale con-

ventional wind tunnels could then be used to assess icing effects, and the flex-

ibility and efficiency of flight test programs could be extended.

A fifth characteristic of ice accretion that justifies some further explo-

ration is the influence of mixed conditions (ice particles with supercooled

water drops). The importance of this phenomena may vary depending on the par-

ticular aircraft component in question and the design of the ice protection sys-

tem. In some cases the ice particles may be an abrasive and, as a result, slow

the growth of the ice cap; in other cases the ice particle could be captured

and increase the heat-transfer load on the ice protection system. Sufficient

controversy exists that some additional effort appears necessary to clarify the

nature of the problem.

A final aspect of ice accretion that has received only limited effort to

date is that resulting from frost accumulation during idle periods of the air-

craft on the ground. In severe cases the aircraft surfaces may require cleanup

prior to flight. Since the nature of ice accreted this way is significantly

different than that accreted in flight, an assessment of frost buildup and the

resulting aerodynamic degradation are important issues to be resolved.

Anti/deicing methods. - The next research item indicated on the table for

aircraft technology is the anti- or deicing methods. One of the principal meth-

ods used in the past is a thermal system: heated air or electric resistance

heaters. They work very well provided that either large quantities of heated



air are available or that large quantities of electric power can be provided.
An additional problem with the electric systems can be the excessive mainte-
nance costs. Although methods of analysis and design for this type of system
have been developed within the industry, further improvementscould be achieved
as indicated earlier by applying advancedmethods of computational fluid mechan-
ics. A new question requiring further research is the applicability of thermal
protection to composite material structures. Since the heat conductivity of
composite materials is very low compared to metals, an obvious problem that
needs to be resolved is the runback and refreezing of the water downstream of
the heated portion.

Another method of ice protection is the use of pneumatic boots. Although

they have been used in a wide variety of circumstances, advances in materials

and fabrication technology have extended their potential application to new

circumstances (such as rotors) for which design and operation criteria are in-
adequate.

A third method that has been studied to a limited extent is the use of

icephobic material on the aircraft surface. Ideally, these materials weaken

the bond strength sufficiently so that ice accretion is not significant. Al-

though such materials have been successfully developed for static conditions,

they have not performed well in a high-speed air stream. Some new coatings

have recently shown improved characteristics, but they tend to be easily eroded

(such as by rain). The general concept is so attractive in terms of simplicity

that a continuing search for appropriate materials appears justified.

A new concept that has not yet received much effort in the United States

is the electroimpulse method. Electromagnetic coils are used to deflect an air-

frame surface to break the ice cap loose. Russia has reported success in using

the method and further study is appropriate.

Another concept that is undergoing preliminary studies in the United States

is the use of microwave energy. A surface wave guide is used to channel the

energy to the surfaces requiring icing protection. If ice begins to accrete on

the wave guide material, energy is absorbed into the water contained in the ice

cap and causes it to shed more easily. One of the problems requiring further

study for some applications (such as rotors) is the appropriate selection of

wave guide materials with sufficient erosion resistance. The advantage rela-

tive to a conventional electrothermal system is that less energy is required

and mechanical simplifications can be achieved to enhance reliability. The next

phase of research effort appears to be appropriately accomplished in an icing
wind tunnel.

Facilities. The third element of aircraft technology indicated in the

table is that related to test facilities for icing research, aircraft develop-

ment, and certification purposes. Both ground test and flight test facilities

are used, and each has a distinct and important function. To date, ground test

facilities have been of four types: the engine test cells, the icing wind tun-

nels, the static environmental chambers, and the outdoor spray systems in cold

weather regions. In the United States the engine test cells (such as those at

AEDC) have kept pace with modern developments but the icing wind tunnels (such

as that at NASA Lewis) have not. In addition, the spray range is relatively



limited, altitude test capabilities are not adequate, and the small test sec-
tions are very restrictive. Innovative concepts are being examined to expand
the usefulness of the static chambers (such as that at Eglin).

A variety of tanker aircraft are being used in the United States for gen-
erating artificial icing conditions for flight testing. In general, further
refinements are required here also: the spray characteristics and distributions
are too limited, the turbulence level maybe relatively high, the test time is
relatively short, and flight instrumentation is relatively meager. The Air
Force, in particular, is developing improved flight equipment.

The area that stands out as being the most deficient is the development of
the large icing wind tunnel. Historically the wind tunnel has proven to be the
most flexible and efficient meansof developing aircraft systems. The need to
extend this capability for icing protection and certification of future aircraft

is clearly evident.

Instrumentation. - The fourth research area listed in the table is so fun-

amental that it probably is the most important - instrumentation. It is essen-

tial to measure the icing environment in flight and in ground test facilities

before any of the results can be interpreted accurately. In the 1940's and

1950's relatively clumsy and slow measurement techniques were used with ques-

tionable accuracy. A_vances in instrumentation have been so dramatic since

that time that it now appears possible to achieve highly accurate measurements

of icing parameters with real time data displays. Laser concepts employing

holographic, interferometric, or collimated beam techniques offer this promise

(with additional development effort of highly sophisticated equipment and at

relatively high costs). Hence, they will probably find their most useful role

in ground test facilities - at least initially.

A second class of instruments that are needed are operational instruments

(as opposed to research instruments) that can be used as standard aircraft in-
strumentation. As indicated in an earlier section, quantitative measurements

of local flight conditions will become increasingly important. The instruments

described earlier might eventually prove useful in this role also if they can

be developed to be sufficiently simple, rugged, and at reasonable cost. Another

modern concept for detection and measurement of ice accretion is the microwave

concept, and it also justifies further research and development.

APPLICATIONS

Propulsion

Protecting the propulsion system from icing effects is top priority for all

types of aircraft.

Inlets. - Not only is the loss of power of major concern for flight safety,

but engine components (particularly in turbine engines) are more susceptible to

structural damage from ice ingestion. Consequently, to avoid the ice fragments

associated with deicing, the inlet has generally employed anti-icing systems de-



signed to not only protect the cowl leading edge but also to prevent runback
and freezing within the subsonic diffuser. Most of the effort to date has been
directed to relatively simple axisyn_netric subsonic concepts, but there is grow-
ing interest in nonaxisymmetric designs for VTOLand rotorcraft applications
and to both axisymmetric and two-dimensional supersonic designs of high-speed

aircraft for which an icing data base does not exist. Furthermore, since a

large turbine engine can ingest fairly large ice chunks without structural dam-

age, it is even possible to eliminate some of the traditional ice protection

equipment. Consequently, the inlet research effort should not only consider

the design of an ice protection system, but it must also be broadened to explore

the ice accretion characteristics of unprotected inlets.

Carburetors. - A special class of inlet systems is the carburetion of pis-

tion engined aircraft. The view is frequently expressed that carburetor icing

is suspected as a cause for several incidents with general aviation aircraft.

Although icing protection is provided in the design, there is concern that

icing conditions are unsuspected by the pilot until it is too late. Consequent-

ly, the emphasis in future research may be to examine new concepts of ice pro-

tection that place less demands on the pilot for monitoring and control func-

tions.

Fans and compressors. - Fans and compressors are also indicated on the

chart as an additional research area in propulsion. Although engine bleed air

is normally used for anti-icing purposes, generalized techniques for predicting

the ice accretion characteristics of these components are not readily available.

This capability is of particular importance in deciding the extent of icing pro-

tection that will be required in new large engines since total protection in

the historical sense is no longer required.

Propellers. - In a related manner, icing protection for advanced propeller

concepts will also require further research. As a part of the aircraft energy

conservation program presently underway in the United States, turboprop research

has been renewed to assess its applicability to high-speed transport propulsion.

The geometries of interest differ markedly from traditional design, and the

icing protection concepts may therefore differ from earlier designs.

Fixed Wing Airframes

Airfoils. - A significant data base has evolved over the years for two-

dimensional conventional airfoils. Much more limited data are available, how-

ever, for the effects of sweep and for the new airfoil geometries (such as the

supercritical designs) that have evolved over the past decade. As indicated in

the table, a renewed effort on icing effects on airfoils is needed - not so

much to refine ice protection systems as was done in the early 1950's but to

determine the performance sensitivity to ice accretion effects so that airfoil

selections can be made to avoid using a protection system whenever possible.

Particularly for general aviation applications it may even be possible to evolve

new airfoil geometries that minimize the possibilities of ice accretion and its

deleterious effects on performance.



High-lift devices. - Another research area listed in the table is high-lift

devices for airfoils. Not only is the data base nonexistent for new airfoils,

it is also very meager for conventional geometries.

Junctures. - A particularly difficult problem in airframe ice accretion is

the effect of junctures such as between the fuselage and the wing. It is espe-

cially important for rear engined aircraft because of the potential for the in-

gestion of ice chunks into those engines. Very little data has been developed

that relates to this type of ice formation and its shedding characteristics.

Recent advances in computational fluid mechanics may prove particularly useful

in treating the three-dimensional character of this flow field.

Rotorcraft

The final aircraft application listed in table I is rotorcraft, which in-

cludes helicopters, tilt rotors, and tilt-wing turboprops. It is probably one

of the most challenging problems from an icing protection viewpoint. Not only

is the rotorcraft performance very sensitive to ice accretion effects, but the

flow fields are very complex and the conventional icing protection systems can

be complicated to install and difficult to maintain. As indicated in an earlier

section, unusual geometries for the inlet and propulsion system installation

may be required. In addition, for the helicopter, as an example, the inlet is

subjected to flow fields that enter from nearly every direction depending on

the flight conditions.

Rotors. - As indicated by the table, the main and tail rotors for a heli-

copter are other major components that may require icing protection. The main

rotor is a large, flexible, rotating structure with complex time-dependent flow

fields and complex structural attachments. Although electrothermal deicing sys-

tems are being developed for near-term applications, the penalties to aircraft

design justify a continued search for improved concepts.

Shadow zones. - The airframe flow is also very complex and varies drasti-

cally depending on flight conditions. As indicated in the table, shadow zones

and enrichment zones are created wherein the icing conditions are completely

different from the free-stream conditions. Consequently, ice accretion on

localized components can be unusually severe, and it is even difficult to locate

icing instrumention in a suitable manner so that useful information is derived.

Stores. - Another characteristic of helicopter operations is to hang irreg-

ularly shaped external stores on the outside of the airframe. Not only do they

have their own special ice accretion problems, but they may even require their

own ice protection systems. Hence, improved methods of three-dimensional analy-

sis and testing are needed.

CERTIFICATION AND DESIGN CRITERIA

The need for modernizing the certification criteria is the subject of much

discussion. Existing criteria for transport aircraft have served a very useful
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purpose, and therefore changes are understandably madewith great reluctance.
However, there are many instances where they are simply not applicable to all
aircraft. Therefore, to avoid the imposition of unrealistic constraints on the
growth of aviation, a thorough review is essential to evolve the appropriate
requirements for each t_e of aircraft. Execution of the research program out-
lined in the previous section would assist in accomplishing this task while
maintaining the good safety records of civil aircraft.

For someaircraft types (such as general aviation and rotorcraft) it may

be possible to achieve partial certification for operation in icing conditions

less severe than those described by figure i. The icing constraints may be

tailored for a specific aircraft in order to minimize the penalties in aircraft

performance and cost. However, success in this approach would require the quan-

titative reporting, forecasting, and onboard measurement techniques described

in the research section. It would also require additional pilot education and
skills.

Because of the specialized applications of military aircraft, different de-

sign criteria may be appropriate for them, but a similar task is equally impor-

tant because of the changing nature of the types of aircraft and their missions.

Key missions wherein icing operations are encountered with rotorcraft include

antitank, search and rescue, and antisubmarine warfare; with more conventional

aircraft, the close ground support mission may be required in icing conditions.

NASA ROLE

It was a privilege for the Lewis Research Center to host the Aircraft

Icing Specialists Workshop. We in NASA were impressed by the widespread inter-

est and concern for this problem in this country and in allied countries as

evidenced by the large attendance from organizations located in the United

States, Canada, England, France, West Germany, Sweden, Norway, and the Nether-

lands. The Workshop reinforced our growing awareness of the need for a renewed

icing research effort within NASA's Aeronautical Research Program. Participants

in the Workshop delineated current and future icing protection needs for virtu-

ally every type of aircraft: civil and military rotorcraft, general aviation,

subsonic and supersonic CTOL, close support Air Force aircraft, Air Force and

Army cruise missiles and RPV's, and Navy VTOL aircraft.

It was clearly expressed that a high regard still exists among industry

and the regulatory agencies for the old NACA icing research effort. However,
the lack of any serious efforts to advance the state of the art since 1957 has

resulted in serious deficiencies in design tools and regulatory criteria for

current and future aircraft which obviously have configurations and requirements

that differ significantly from those of the 1950's. Workshop participants

sharply underscored an essential NASA role to accomplish the following objec-

tives: update the applied technology to the current state of the art; develop

and validate advanced analysis methods, test techniques, and icing protection

concepts; develop improved and larger testing facilities; assist in the diffi-

cult processes of standardization and regulatory functions; provide a focus to

the presently disjointed efforts within U.S. organizations and foreign coun-
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tries; and finally assist in disseminating the research results through normal
NASAdistribution channels and conferences.

In view of the obvious need, NASAHeadquarters has approved the reestab-
lishment of an Icing ResearchSection at the Lewis Research Center. This Sec-
tion will support the work already underway in the Icing Research Tunnel and
will begin planning a long range program. The new program is anticipated to be
a broad and diversified effort similar to that achieved in the earlier NACAre-
search activity. It will be implemented through a joint in-house and contracted
effort. In order to insure starting in the right direction and with the proper
concurrence of the community of users, the first order of business will be a
series of study contracts with industry to define the program for a larger ef-
fort in subsequent years.

In addition to the modernization program that has been initiated at Lewis
for the existing Icing Research Tunnel, feasibility studies have been initiated
for the design of a much larger icing tunnel with higher speed and variable
altitude capabilities. The proposed concept will use an extensive amount of
existing equipment at the Center, but the eventual outcomewill be highly de-
pendent on budgetary constraints.

The Workshopparticipants stressed the mutual value of continuing liaisons
with those who attended the Workshop. Suggestions were also madefor the con-
tinuing active participation and interest of the manyother government agencies
who had organized and supported the Workshop. NASAhas a supporting role to
play, but in manycases the eventual resolution of these problems lies within
the jurisdiction of these other organizations.
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TABLEI. - ICING RESEARCHNEEDS

Generalized technology
F

Meteorology Aircraft

Cloud physics

Icing environment

Forecasting

Remote observation

Ice accretion

Anti/deicing methods

Facilities

Instrumentation

Applications

L

Propulsion Fixed wing airframe Rotorcraft

Inlets

Carburetors

Fans and compressors

Propellers

Airfoils

High lift devices

Junctures

Rotors

Shadow zones

Stores
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(a) Intermittent maximum atmospheric icing conditions -
cumuliform clouds.

Figure I. - Liquid water content as function of mean effec-

tive drop diameter.
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Figure 2. - Effect of size of object on ice accretion.
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(a) Rime ice.
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(b) Glaze ice.

Figure 3. - Typical ice deposits on a 65A004

airfoil at 2o angle of attack.
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ICING OF AIRCRAFT; SOME REMARKS WITH AN

HISTORICAL SLANT FROM A CLOUD PHYSICIST

Robert M. Cunningham

Air Force Geophysics Laboratory

In this short presentation I will comment on three areas of interest; Cloud

Physics, Nowcasting, and Instrumentation. I wish to compare what was done 30

years ago to what might be done now in light of developments in related areas

of cloud physics, weather modification and instrumentation.

Some 30 years ago, during and for a short time after _9 II, I was heavily

involved at MIT in icing research, icing instrumentation and icing test flying.

The work was done under an AF contract and in association with the Army Air

Force's contract with NW Airlines in the Minneapolis area. This was the effort

that resulted in the development of the hot wing deicing system.

Thirty years ago there was a fairly complete basic knowledge of the physical

processes involved in aircraft icing. Of course the presence and importance

of supercooled cloud or rain was well recognized. The problem of the collec-

tion efficiency of various shaped objects had been extensively explored

resulting in the appreciation for the need for knowledge of the drop size

spectrum. Complex thermal equations that described the temperature distribu-

tion on an ice surface and wing surface have. been developed and checked. The

difference between particle collision with a surface and accretion resulting in

"icing" was recognized. Loss of water by "run back" (complicated when a hot

wing was involved) was investigated in the special icing tunnel at MIT and

shortly by several other groups including I believe by the large group that

formed here at the Lewis Lab. An important theoretical study of the effects of

collision, accretion and runback was conducted by the late Frank Ludlum who

later applied his ideas to hail stone growth

Progress has been made lately in the area of collision efficiency calcula-

tions. Some of the earliest uses for the computer, or rather its immediate

forefather, dealt with determining the trajectories of spherical liquid parti-

cles around various geometrically defined objects. Modern computers can make

short work of the efforts made in this area 30 years ago. Recently we have

sponsored work which permits the introduction of odd shaped surfaces into an

airstream and in particular allows the description of the trajectory around

these surfaces of odd shaped particles, i.e., ice crystals; snowflakes; etc.

This effort was carried out in order to determine the proper place and distance

from the aircraft skin for installation of ice particle sensors. But I can see

application of this recent work to a common but complex icing situation, where

both supercooled cloud and ice particles are involved. A few words about icing

forecasting or rather nowcasting as some label short range forecasting. Again

a fair bit of activity on this aspect of icing along with related statistical

or climatological studies were accomplished in the 40's and 50's. The use of
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temperature to aid in forecasting and determining the chance for and type of

icing was made early in the history of icing research. The fact that potential

hazardous icing clouds were restricted in time and altitude and were extremely

uncommon in certain common cloud types was one of the important results of

studies by Porter Perkins and Bill Lewis using the extensive icing records pro--

duced by NACA instruments placed on con_nercial aircraft. I believe no equally

extensive cloud census has been made since. The sister science of weather

modification sorely needs such a study.

With the mention of weather modification let me digress for a minute. One

important product of the rigorous field of icing research 30 years ago was the

now considerably larger field of weather modification. One realizes, of

course, that icing for the most part occurs in the presence of supercooled

clouds, and that the most common weather modification technology requires the

same supercooled cloud as the basic working material. The three people most

closely associated with the beginning of modern weather modification, Irving

Langmuir, Vince Schaefer and Bernie Vonnegut all were working during WW II on

icing projects, Langmuir and Schaefer at G.E. on particle trajectory theory

and instrumentation and Vonnegut at MIT on tunnel and A/C testing and icing

detection instrumentation. One can say that it was to a considerable degree

their associations with the icing field that fired their interest in cloud

processes and resulted in the development of modern weather modification

science and technology.

Perhaps now the older field of A/C icing can benefit by adapting some of

the sensors and techniques used by the weather modifiers to the needs of now-

casting icing hazards. The sensors and techniques I am speaking of relate to

those used by the weather modification community in their search for potential

modification conditions. These sensors and techniques include of course the

use of radar. The techniques involve inferences from the return patterns

presented by the radar scopes. Now recently the detailed (in space and time)

cloud analysis obtainable from the synchronous satellites shows particular

promise as a new approach for detecting areas of weather modification poten-

tial and therefore regions of probable icing. It is also possible that some

of the passive microwave sensors beginning to be used on the weather satellites

may be sensitive enough to pick out areas of supercooled cloud, (liquid water

is detected, not ice).

Last but perhaps not least is the possibility that modification techniques

could be helpful in certain rather limited situations to minimize icing poten-

tial, as they have helped to increase visibility in certain landing conditions.

These conditions might be particularly applicable to operations with

helicopters.

The third subject I have chosen to touch on is instrumentation. I will

say just a few words on some of the sensors past and present that have been

used to measure the basic hydrometeor parameters involved in icing - i.e.,

water content and particle spectra.
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One sensor has survived the test of time remarkably well, this device is

the hot wire water content device or more generally known as the J-W_ after

the inventors. It was, I believe, developed here at the Lewis Labs and now

has been available con_nercially for something like 20 odd years. It still is

the standard device (at least for the cloud physicist) for measuring cloud

water content of liquid particles less than 30 _m in diameter, which is

generally the size range of major interest to the icing specialist. The

measurement of water content, above this drop size, is still a wide open field

for inventors. We have been working on two devices, but they are both in

the experimental category. The old standard, the rotating cylinders of 30

years ago still could be used or adapted, but it is a very awkward device.

There is a very rich history associated with development of particle

sizing devices and I hope we haven't heard the last from the inventors. To

just mention the range of possibilities, let me again involve my personal

experience and take you from the ridiculous to the sublime(?) The first

device I tried involved extending one% finger out a top hole in the skin of

the nose of the venerable B-17 aircraft. If one could keep the finger out in

the stream of particles then their size was less than 200 _m in diameter

(drizzle) if one could not one was flying in rain.

An improvement in this raw device came with the black glove or snow stick.

This device is still used and it is superior to the new optical devices in

determining the amount of rimming (or icing) on the snow particles an_ of

course, it gives a good qualitative measurement of the degree of icing.

The large step in particle size measurement has come in the last decade

with the advent of the optical sensors, principally those developed by

Knollenberg. I will not delve into a discussion of these as I'm sure there

will be plenty later.

I'll finish this presentation with two summary requests and some required

reading to the planners of the next era of icing or deicing technology.

(i) Don't forget that the aircraft icing R&D activities of the '40's was

a very active one. Before starting off on some new endeavour it should be

quite profitable to make a thorough search for the sometimes elusive report on

work of some 30 years ago.

(2) Don't forget that the success of weather modification depends in many

cases on the occurrence of the same conditions conducive to aircraft icing.

Many past, present and future developments in the weather modification field

should be checked, watched and perhaps adopted for use in icing nowcasting,

icing instrumentation and testing.

(3) A recent short article in The Meteorological Magazine (May 78) by

Peter Ryder nicely summarizes some of the meteorological/cloud physics inputs

to icing problems.

IJohnson-William Liquid-Water-Content indicator.
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SAFETY HAZARD OF AIRCRAFT ICING

James C. McLean, Jr.

National Transportation Safety Board

My talk this morning is based primarily on the statistical records

of aircraft accidents compiled by the National Transportation Safety

Board. Based upon these statistics I will try to identify how serious

a problem icing is to aircraft, the type of aircraft affected, the

pilots involved and, wherever possible, try to identify the areas

where a reduction in icing accidents might be most readily accomplished.

During the 5-year period 1973 through 1977 there were 525 accidents

involving structural or engine icing. This is 2.5_ percent of the

20,625 reported aircraft accidents during the period.

Structural icing:

Table 1 shows a breakdown of structural vs. engine icing accidents

Note that engine icing accidents outnumber structural icing aocicents

by a factor of almost 3 to 2.

Considering the severity of the accidents: 52 percent of the

structural icing accidents are fatal vs. only 9 percent of the engine

icing accidents. This shows the structural icing to be by far the

greater hazard to life.

Looking first at structural icing accidents: What type of aircraft

has the problem? Table 2 compares single and multi-engine icing

accidents. Here single engine accidents account for approximately

63 percent of the accidents and multi-englne approximately 34 percent.

Of these icing accidents, 48 percent of single engine icing accidents

are fatal compared with 59 percent of multi-engine icing accidents.

This shows me that icing is more of a hazard to single engine

aircraft but that if an accident occurs the multi-engine accident is

likely to be somewhat more serious.

Having investigated several accidents where inadvertent entry

into icing conditions was a factor, I looked at the type of flight plan in

each case. The results of this analysis are in table 3. It is rather

obvious here that pilot Judgement and/or flight planning is definitely

a factor. Although there are situations where icing can be encountered

under legal VFR conditions, I suspect that the majority of these cases

are inadverent entry into instrument meterological conditions.
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With multi-englne aircraft the situation is reversed. 86 percent of

the icing accidents occurred when the aircraft was on an instrument

flight plan and only 14 percent where they were flying or attempting

to fly under visual flight rules.

The question that always arises: Is the pilot getting good

weather information? I believe he or she is.

Table 4 shows the evaluation of the accuracy of the weather forecasts

available to the pilot. In 54 cases of the 214 accidents, it was not

known if the pilot received a weather forecast or it was documented

that none was given. I have dropped these cases in order to evaluate

only those forecasts that can be documented. Of these 160 cases, 92

percent of the pilots received forecasts which were considered

substantially correct; in 7 percent the weather was only slightly

worse than forecast, leaving only i percent in the "busted" forecast

category, a very small part of the total.

I drew the following conclusions from the statistical information

on structural icing:

o Structural icing is a small but significant percentage of

aircraft accidents.

o Icing accidents, when they occur, are quite likely to be

serious and have a higher than average probability of being

a fatal accident.

Single engine aircraft account for almost two thirds of the

structural icing accidents, and almost half of the

structural icing accidents involve single engine aircraft

on VFR flights. In my opionion this can only be interpreted

as inadequate training or pilot irresponsibility in flying

into conditions that either the pilot and/or the aircraft are

not equipped to handle.

o The accuracy of weather forecasts does not appear to be

a serious problem. Far more serious is the number of pilots

flying into icing conditions without having received an

adequate weather briefing. Again, this problem appears

to be one of pilot training and responsibility.

After speaking of the many accidents in which pilot Judgement

must be considered a factor, there are still a large number

of accidents wherein the pilot and aircraft were properly

certificated for the flight in which the accident occurred.

Whether the pilot or the equipment was at fault often

remains a mute question. Better anti-icing equipment may

have made up for pilot deficiencies and better pilot

techniques may have overcome inadequate deicing equipment.

Both aspects must be considered in an icing accident prevention

program.
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Induction icing:

During the 1973 through 1977 period there were 311 accidents which oc-
curred under conditions conducive to induction icing. This represents 1.5
percent of the accident total.

Table 5 shows someof the statistics on induction icing accidents.
Again, and by a much larger margin, the majority of the accidents
involve single engine aircraft. In the case of single engine aircraft
this type of accident is mostly survivable, with only approximately
.8 percent being fatal.

In the case of multi-engine aircraft, as shownin table 6, the chances
of being involved in an induction icing accident are quite small, but the
chance of it being a fatal accident is quite high comparedwith single engine
aircraft.

Table 7 shows a breakdownof induction icing accidents classified
as to IFR and VFRflights. By far, the biggest numberof accidents
involves single engine aircraft on VFRflights. Multi-engine aircraft
end up with, considering the small numberof cases, nearly an even split.

I didn't investigate the accuracy of the forecasts here because
conditions conducive to induction icing are not generally a forecast
parameter. Each pilot, must know the characteristics of his or her
aircraft and ask the right questions during a weather briefing or,
more importantly, observe conditions in flight.

With induction icing, it is well known, and showsin the statistics,
that most of the icing problems involve the float bowl carburetor. Other
carburetion systems are subject to icing, although not as frequently,
and here the belief by pilots that only float bowl carburetors can have
icing problems has undoubtedly contributed to several accidents.

Just as I was proparing these commentsthe Safety Board sent a
recommendationto the Federal Aviation Administration recommendingthat
accident prevention specialists, flight instructors and flight examiners
inform all owners and pilots of aircraft which use injection-type,
pressure carburetors of the aircraft's susceptibility to impact ice as
part of their training or biennial review programs.

The Board also recommendedthat the manufacturers of aircraft with
injection-type, pressure carburetors provide owners with information
about impact induction icing and how to cope with it.

There are several ways in which the hazard of induction icing could be
reduced or alleviated. These are improvements in the design of fuel systems,
changes in the composition of fuel, improved instrumentation and
pilot training. Work is being conducted in most of these areas and
the improvementswill be most welcomeby pilots.
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TABI_ i

TOTALACCIDENTS 1973- 197l

ACCIDENTSINVOLVINGICING

PERCENTOF TOTAL

ACCIDENTSINVOLVINGSTRUCTURALICING

PERCENTOF TOTAL

ACCIDENTSINVOLVINGINDUCTIONICING

PERCENTOF TOTAL

TOTALFATALACCIDENTS

FATALSTRUCTURALICINGACCIDENTS

PERCENTOF STRUCTURAL

PERCENTOF ALL FATALACCIDENTS

FATALINDUCTIONICINGACCIDENTS

PERCENTOF INDUCTIONICINGACCIDENTS

PERCENTOF ALL FATALACCIDENTS

20,625

525

2.56

214

1,04

311

1,51

3455

111

51,8

3,21

27

8.7

0.8

TABLE 2

STRUCTURALICING

TOTALACCIDENTS 1973- 1977

SINGLEENGINEACCIDENTS

PERCENTOF SINGLEENGINEICINGACCIDENTS

MULTIENGINEACCIDENTS

PERCENTOF MULTIENGINEICINGACCIDENTS

SINGLEENGINEFATALICINGACCIDENTS

PERCENTOF SINGLEENGINEICINGACCIDENTS

MULTIENGINEFATAL ICINGACCIDENTS

PERCENTOF MULTIENGINEICINGACCIDENTS

214

134

62,6

8O

37.4

64

47.8

47

58,8
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TABLE3

STRUCTURALICING

TOTALSINGLEENGINEICINGACCIDENTS
SINGLEENGINEAIRCRAFTONANIFRFLIGHTPLAN
PERCENTAGEIFR

SINGLEENGINEAIRCRAFTONAVFRFLIGHTPLAN
ORNOFLIGHTPLANFILED

PERCENTAGEVFR

TOTALMULTIENGINEICINGACCIDENTS
MULTIENGINEAIRCRAFTONANIFRFLIGHTPLAN
PERCENTAGEIFR

MULTIENGINEAIRCRAFTONAVFRFLIGHTPLAN
ORNOFLIGHTPLANFILED

PERCENTAGEVFR

134
36

26,9

98
73.1

8O
69

86,3

ii
13.7

TABLE4

STRUCTUPu%LICING

TOTALICINGACCIDENTSWHEREAWEATHERFORECAST
WASDOCUMENTED

FORECASTSUBSTANTIALLYCORRECT
PERCENTAGESUBSTANTIALLYCORRECT

WEATHERSLIGHTLYWORSETHANFORECAST
PERCENTAGESLIGHTLYWORSETHANFORECAST

WEATHERCONSIDERABLYWORSETHANFORECAST
PERCENTAGECONSIDERABLYWORSETHANFORECAST

160

147
91,9

ii
6,9

2
1,2
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TABI._ 5

INDUCTIONICING

TOTALACCIDENTS1973- 1977
ACCIDENTSINVOLVINGINDUCTIONICING
PERCENTOFTOTAL

FATALINDUCTIONICINGACCIDENTS
PERCENTOFINDUCTIONICINGACCIDENTS
PERCENTOFALLFATALACCIDENTS

20,625
311
1,5

27
8,7

0.8

"£ABI._ 6

INDUCTIONICING

TOTALINDUCTIONICINGACCIDENTS 1973- 1977

SINGLEENGINEACCIDENTS

PERCENTOF TOTALACCIDENTS

SINGLEENGINEFATALACCIDENTS

PERCENTOF SINGLEENGINEACCIDENTS

MULTIENGINEACCIDENTS

PERCENTOF TOTALACCIDENTS

MULTIENGINEFATALACCIDENTS

PERCENTOF MULTIENGINEACCIDENTS

311

298

95,9

23

7,7

13

4.1

4

30,8
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TABLE7

INDUCTIONICING

TOTALSINGLEENGINEINDUCTIONICINGACCIDENTS
SINGLEENGINEAIRCRAFTONANIFRFLIGHTPLAN
PERCENTAGEIFR

SINGLEENGINEAIRCRAFTONA VFRFLIGHTPLAN
ORNOFLIGHTPLANFILED

PERCENTAGEVFR

TOTALMULTIENGINEINDUCTIONICINGACCIDENTS
MULTIENGINEAIRCRAFTONANIFRFLIGHTPLAN
PERCENTAGE[FR

MULTIENGINEAIRCRAFTONA VFRFLIGHTPLA_I
ORNOFLIGHTPLANFILED

PERCENTAGEVFR

298
12

4,1

286
95,9

13
8

61,5
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CIVIL HELICOPTER ICING PROBLEMS

Peter B. Sweeney

RCA Flight Operations

I would like to convey my appreciation to all of the parties concerned

with bringing this meeting about. Personally, I am delighted to have been in-

vited, but more than that, the rotary-wing industry is also most appreciative.

I have been asked by the Helicopter Association of America to be their spokes-

man. Additionally, I am here to represent RCA Flight Operations, a user of IFR
Fixed Wing and Rotary Wing aircraft as a business aid.

Many of you may not be aware of the fact that the rotary-wing industry has,

since its conception, been treated as though it were the illegitimate child of

the airplane industry. This meeting must mean that we have finally come of

age. matured, reached that point in life where an investment will cer-

tainly bring about a sizable return. We feel this will be to our advantage in

the long run. We look forward to your investment.

It is very difficult for me, or anyone else for that matter, to give a

broad overview of our operational experience and problems with respect to icing.

We have never been allowed to operate in icing conditions! However, some of

the helicopters employed by the civil sector of the rotary-wing industry have

been allowed to operate into some level of ice outside the U.S.A., as well as

some U.S. Military helicopters having worldwide approval.

The accident rate of rotary-wing aircraft caused by rotor ice accumulated

during legal IFR operations is outstanding. You would be hard pressed to find

a single fatality. I do not make this comment to attempt to lull you into com-

placency, but to make sure that you are aware that some helicopters do possess

the capability of being certified for some degree of ice capability. This fact

has already been documented by the operators in the North Sea area.

We should first certify the individual aircraft to its own limit of ice

capability. Then, if this limit is too low, we should start installing anti-

ice or deice equipment as required to reach the desired level of operation.

The big push in helicopter operations today is in the off-shore arena.

However, on-shore will be the operational arena of the majority of the units in

years to come. We need schedule reliability. That is why we decided to pay

the price for IFR certification. Our rate (RCA) of IFR (IMC) varies from 2 to

38 percent per month. The annual rate of actual ice is very low relative to

our annual flight time. Therefore, we would have a very difficult time justify-

ing the high cost of the anti-ice systems designed for rotorcraft today. The

maintenance required and payload penalty by itself would be enough to prevent

us from installing a current state-of-the-art system. We need an inexpensive,

low-maintenance system for rotary wing.
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The weather forecasting system is very unreliable. I amdelighted to hear
you people are changing someof the definitions. NOWCASTINGsounds like a
better deal to me. Simply reporting the actual weather is a difficult task in

itself. Until this is mastered, we should not have to abide by the unreliable

forecasts. The instant a forecaster mentions the word ice in his forecast,

helicopters are disallowed from the IFR operations arena. With this proven,

documented fact in mind, it would be difficult to justify lugging around all

this antiquated equipment for the relatively low exposure rate anticipated.

Those that have a high rate of exposure will simply have to put up with the

systems of today.

I do have some very strong reservations about helicopters operating in

icing conditions. But they revolve around the areas we know little about. For

example, the day we sit on the ramp in pouring rain at 33 ° F, we either take

off into below freezing conditions or the temperature drops rapidly. This

could cause ice buildup in system locations we might have overlooked so far.

The reason for my concern is that most helicopters were certified VFR only and

then we warmed them over and changed the handling qualities to meet IFR stan-

dards; now we are asking for ice certification. We must insure that the total

vehicle is examined, not just the rotor system or the outside skin surface.

In sun_nary,

(i) We need each aircraft certified to it's own capability - not an abso-

lute industry standard.

(2) We need some sort of relief from the inadequacies of the weather fore-

casting system as it pertains to ice.

(3) We need to improve the "state-of-the-art" as it pertains to rotary-

wing icing systems.

(4) We need an inexpensive, clean, low maintenance anti-ice system.
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A REVIEWOFTHEICINGSITUATIONFROMTHE

STANDPOINTOFGENERALAVIATION

Dennis W. Newton
CessnaAircraft Company

SUMMARY

This paper will provide an overview of the present situation in the field
of aircraft icing with respect to certification and operation of non-transport
category airplanes. Problems of definition are discussed and inconsistencies
are pointed out. Problems in the forecasting and measurementof icing inten-
sities are discussed. The present regulatory environment is examined with
respect to its applicability and appropriateness to non-transport airplanes.

ICINGDEFINITIONS

It must be stated at the outset of this discussion that the current icing
situation is in manyrespects chaotic. This chaos begins with the various
definitions of the intensities of icing conditions, and continues in various
parts of the Federal Aviation Regulations which are inconsistent with National
Weather Service definitions and, in somecases, with each other. The National
Weather Service definitions of icing intensity are shownin the table below:

Table i. Airframe Icing Reporting Table

Intensity

Trace

Li ght

Moderate

Ice Accumulation

Ice becomes perceptible. The rate of accumulation slightly

greater than the rate of sublimination. It is not hazardous

even though deicing/anti-icing equipment is not utilized,

unless encountered for an extended period of time - over one

hour.

The rate of accumulation may create a problem if flight is

prolonged in this environment (over one hour). Occasional

use of deicing/anti-icing equipment removes/prevents accumu-

lation. It does not present a problem if the deicing/anti-

icing equipment is used.

The rate of accumulation is such that even short encounters

become potentially hazardous and use of deicing/anti-icing

equipment or diversion is necessary.

31



Intensity

Severe

Table i. Airframe Icing Reporting Table (Continued)

Ice Accumulation

The rate of accumulation is such that deicing/anti-icing

equipment fails to reduce or control the hazard. Immediate

diversion is necessary.

There are two particular characteristics of these definitions which should

be noted. First, they are reporting definitions, and nothing more. They do

not involve cloud liquid water content, temperature, or any other physical

parameter which causes icing conditions to exist in the atmosphere. Therefore,

they are not, and cannot be, usable for forecasting the intensity of icing

conditions. Secondly, they relate the intensity of the icing condition only to

the ability of the equipment aboard the encountering aircraft to cope with the

icing. They are therefore not even satisfactory as reporting definitions. It

is easily seen that two aircraft of different types, or even two aircraft of

the same basic type but carrying different anti-icing equipment, could fly

through an icing cloud in formation and then report two different intensities

of icing in perfect accordance with these definitions.

Now let us turn our attention to the icing definitions which are made in

the Federal Aviation Regulations. These are shown in figures i - 4, which de-

fine the atmospheric environment in terms of altitude, temperature and the

range of liquid water content and droplet size for Continuous Maximum and

Intermittent Maximum icing conditions. They are contained in FAR part 25, but

are presently included by reference in FAR part 23 and elsewhere in regulations

governing certification and operation of various kinds of aircraft in icing

conditions. Further discussion of these envelopes follows a bit later. For

the moment, however, it should be noted that these envelopes make no reference

to intensities of icing condition. They are in no way correlated with the

National Weather Service definitions given above.

REGULATORY CONSIDERATIONS

The operating regulations are the next candidates for scrutiny. First

checking FAR 91, General Operating and Flight Rules, one searches in vain for

any reference whatever to icing conditions for other than large and turbojet

powered multi-engine airplanes. FAR 91.31 prohibits operation of a civil air-

craft without compliance with the operating limitations for that aircraft.

This has r_umifications which will be discussed later. Otherwise, there is no

FAR 91 rule whatever with respect to light aircraft. However, looking at sub-

part D of FAR 91, we find that large and turbojet powered multi-engine air-

planes having ice protection equipment certified in accordance with the FAR 25

icing envelopes may fly into known or forecast severe icing conditions (91.209).

This, of course, contradicts the National Weather Service definition of severe

icing conditions. These conditions are by that definition impenetrable, since

by definition the equipment fails to reduce or control the hazard and immediate

diversion is necessary. Looking at FAR 135, which governs air taxi operators
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and commercial operators of small aircraft, we again find (135.85) that aircraft
certificated in accordance with the FAR25 envelopes maybe flown into knownor
forecast severe icing conditions. Wealso find that aircraft not meeting these
provisions, but which have certain specified items of de-icing and anti-icing
equipment installed, maybe flown into knownor forecast moderate icing condi-
tions. In the general case, how the operator is to know with any confidence
what intensity of icing conditions are likely to be encountered is beyond this
author's comprehension, since the National Weather Service definitions change
from airplane to airplane and are not suitable for forecasting purposes in the
first place. For the sake of completion, it is interesting to look at FAR121,
which governs Air Carriers and Commercial Operators of Large Aircraft. These
operators are generally required (121.157) to use Transport Category airplanes,
and we find that the rule (121.341, 121.629) does not even mention intensity of
icing conditions. It merely prohibits operation in icing conditions which, in
the opinion of the pilot in commandor aircraft dispatcher, might adversely
affect the safety of the flight.

Situations which arise from the foregoing considerations are essentially
as follows:

o Airplanes with ice protection provisions certificated to the Transport

Category standards contained in the FAR 25 envelopes can effectively

ignore icing forecasts and reports. This is true regardless of the

rule under which the airplane is operated and regardless of whether

the basic airplane is certificated in the Transport Category.

. There are many airplanes, mostly certificated before 1972 or there-

abouts, which do not have Transport Category ice protection provisions

but which also do not have an operating limitation prohibiting flight

into icing conditions. Operation of these airplanes in icing condi-

tions is not addressed in FAR part 91, and operation in light and

moderate icing conditions is permitted in FAR part 135, provided that

certain specified ice protection equipment is aboard.

1 It has been FAA policy since about 1972 to altogether prohibit opera-

tion in known or forecast icing conditions for airplanes not having

ice protection provisions meeting the Transport Category requirements.

These airplanes cannot be operated in any icing condition whatever, in

accordance with any operating rule. No amount of ice protection equip-

ment installed on the airplane in any way alters this prohibition until

the ice protection provisions have been certificated to the Transport

Category standards.

CERTIFICATION ASPECTS

The author knows of little or no objection on the part of manufacturers to

the ice protection certification of pressurized airplanes, however powered and

whether or not Transport Category, to the provisions of FAR part 25. There

seems to be also little objection to such icing certification for multi-engine

turbo-charged airplanes which have considerable altitude, speed, and range

33



capability. This, however, leaves a large numberand variety of airplanes with
respect to which the manufacturer is now forced into one of two alternatives.
The first is acceptance of an outright prohibition against penetration of any
knownor forecast icing conditions, whatever, even though ice protection equip-
ment maybe available, and even though there maybe older and very similar air-
craft without such a restriction. The second is a costly development and certi-
fication program, perhaps requiring systems which adversely affect the limita-
tions of the basic airplane due to their high power or weight requirements and
resulting in an airplane certificated to be flown by pilots of perhaps limited
experience into any icing condition, regardless of severity. Noting that icing
conditions are defined in FAR25 to exist downto temperatures of -22°F and up
to altitudes of 22,000 feet, we see that manyaircraft would have to be pro-
tected against icing conditions which they are very unlikely or even totally
unable ever to encounter.

With regard to certification of aircraft to the Transport Category stan-
dards, there is first a need for consistent understanding of the FAR25 envel-
opes amongthe manufacturers and the FAA. It must be realized that they are
not, and were never represented to be, a statement of a physical relationship
between the variables of liquid water content, droplet size, and temperature.
Rather, they are an engineering definition which says that all combinations of
liquid water content, droplet size, and temperature within the envelopes have a
sufficient probability of occurrence in the atmosphere to warrant consideration
in the design of Transport Category ice protection equipment. While conditions
which fall within these envelopes can be found in the atmosphere without extra-
ordinary difficulty, to attempt to find any particular point in natural icing
conditions is likely to be an expensive exercise in futility. This is especially
true as the point being sought approaches the corners of the envelopes. This
being the case, there is a need for alternatives to testing in natural icing
conditions to prove the capability of ice protection systems. CessnaAircraft
Companyhas had excellent success in using an airborne tanker to investigate
various conditions within the icing envelopes and prove each system at its
critical condition. It has then been necessary only to fly the aircraft in
natural icing at somerandompoint which maybe encountered within the envelopes
to verify the performance of the systems as a whole. Development of other such
tankers, perhaps under the sponsorship of NASA,is highly recommended. They
are very useful in terms of verifying the performance of systems in situations
which cannot otherwise be found, and are great savers of time and money. In-
strumentation for use in flight testing in icing conditions presently serves the
purpose, but is in manycases cumbersomeand results in tedious data reduction
processes. The recent introduction of laser devices for measurementsof liquid
water content and droplet size spectra is a welcomeadvance in this area.

INDUCTIONICING

After all these years, it seemsthat induction icing problems are still
with us in light aircraft. There were over 400 accidents attributed to carbure-
tor icing between 1969 and 1975, and the actual numbermaybe more than double
that if engine failures for undetermined causes are considered. Efforts are
expected to be underway shortly to better define carburetor icing conditions
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and to determine if fuel additives might be an effective solution, and this is
to be encouraged. Developmentof a simple and inexpensive detection device
would also be an appropriate project. A big part of the problem is that the
onset of induction icing in general is insidious and may go unnoticed, particu-
larly if the pilot is inexperienced and busy with other tasks.

CONCLUSIONS

In summary, there is a need for a great deal of work with respect to non-

transport category icing operations and certifications. First, there is a need

for definitions of the intensity of icing conditions which can be uniformly

understood and applied. This author has made suggestions in that regard, (ref.

i), as shown in figure 5. These are envelopes of light, moderate, and severe

icing conditions based upon NACA work (ref. 2). They are shown superimposed on

the FAR 25 envelopes, and it is easily seen that there is considerable corre-

spondence. However, the NACA envelopes have one characteristic which is totally

lacking in the FAR 25 envelopes, namely that there exists a method of forecast-

ing these icing conditions. There is a need for something other than the

present all-or-nothing philosophy of icing certification to be applied to light

airplanes. The NACA envelopes would provide such a possibility. Similar argu-

ments have been made by other authors against the blanket imposition of Trans-

port Category icing standards on helicopters, and other icing envelopes have

been suggested. Such arguments and suggestions are expected to be heard at this

workshop. At the very least, there should be the possibility of certificating

ice protection provisions within an envelope of temperature and altitude ap-

propriate to the limitations of specific aircraft. There exists a need for

quantitative definitions of the intensity of icing conditions in terms of fore-

castable physical parameters. It was the consensus of the icing committee at

the second annual workshop on Meterological Inputs to Aviation Systems at the

University of Tennessee Space Institute in March of this year that icing fore-

casts are frequently inaccurate, resulting in needless groundings of both

military and civil aircraft and in inadvertant icing encounters when no icing

was forecast. Surely the solution to this problem has to begin with a consis-

tently applied physical definition of what icing conditions are. In the regu-

latory area, there is a need for better understanding of the FAR 25 envelopes,

and there is a need for consistency between the operating rules and the various

National Weather Service and regulatory definitions. There is a need for

quantitative instrumentation, even if only a passive probe of uniformly agreed

upon size, to introduce objectivity into pilot reports of icing encounters.

Better yet would be a simple and inexpensive liquid water content meter which

could indicate to the pilot the intensity of the icing conditions being en-

countered. Such an instrument could also be used to display the operating limits

of the particular aircraft, like many other aircraft instruments. There is a

need for artificial icing test facilities, such as airborne tankers. There is

a need for better definition and solutions to the induction icing problem.

Finally, there is a need for data to determine what icing envelope or envelopes

might be applicable to light aircraft and/or helicopters and for development

and testing of methods of forecasting such conditions.
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OVERVIEW OF HELICOPTER ICE PROTECTION SYSTEM DEVELOPMENTS

Richard I. Adams

Applied Technology Laboratory

U.S. Army Research and Technology Laboratories

(AVRADCOM)

SUMMARY

Since 1973, the Applied Technology Laboratory (ATL) of the U.S. Army

Research and Technology Laboratories (AVRADCOM) has had an ongoing research

and development program intended to develop meteorological criteria for heli-

copter ice protection systems and to assure that technology would be available

to meet future requirements. Helicopter ice protection design criteria have

been developed and technology has been assessed. It was concluded that the

major technological shortcoming in meeting future helicopter mission require-

ments was that of helicopter rotor blade ice protection. Airframe components

could be adequately protected using existing technology. It was further con-

cluded that the rotor blade could best be protected using the cyclic electro-
thermal deicing concept.

For R&D purposes a rotor ice protection system was developed for the UH-I

helicopter and subjected to flight testing. During this program, several

other shortcomings in technology became apparent. Weight of the ice protection

system was found to be objectionable to the operator. The ATL R&D program was

expanded to identify and investigate rotor blade ice protection system concepts

showing promise of providing lightweight, cost-effective rotor blade ice pro-

tection. Microwave, vibratory and ice phobic coating concepts have been

assessed and R&D efforts have been planned for their development, but none

currently shows promise of fulfilling the need within the next 3 to 4 years.

The electrothermal concept remains the only viable concept for immediate
application.

Other technological shortcomings have been identified that apply to all

low-altitude, slow-flying aircraft, including the helicopter. These include

lack of standardized meteorological design criteria; inaccuracy of icing fore-

casts; ambiguous icing definitions and terminology; lack of icing qualifica-

tion/certification requirements that are meaningful and affordable; minimal

facilities for economical development and certification; and, lack of testing

techniques and instrumentation for development and certification purposes.

ATL has developed R&D programs for the future to resolve the basic issues,

i.e., to provide a lightweight, cost-effective ice protection system for Army

helicopters and a means for helicopters to have mission capability to include

flight in icing conditions. This effort includes employment of the icing se-

verity level indication system to supplement the icing forecast. The U.S. Army

cannot provide the resources for resolution of other key issues. The coopera-

tion of NASA, NOAA, and the FAA is needed and encouraged in order to resolve
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the icing problem for civil as well as military low-altitude, slow-flying air-
craft applications.

INTRODUCTION

In December1977, the Applied Technology Laboratory hosted a coordination
meeting between DA, NASA,and FAAto review the status of helicopter icing
problems and related research and development programs. During that coordina-
tion meeting, the USArmy representatives suggested specific areas of work to
NASAand FAArepresentatives. These suggested R&Defforts are listed in
Figures i and 2. This paper provides the rationale and basis for these sug-
gested R&Defforts, and gives an overview of the ATLhelicopter research and
development program.

R&DPROGRAMOBJECTIVES

The objectives of the ATL R&Dprogram are to establish accurate design
and test criteria for helicopters and to assure that technology will be
available to satisfy requirements (see Figure 3). As in any R&Dprogram,
where possible, our approach is to attain our objectives in a manner that will
allow application of results to current helicopters.

METEOROLOGICALDESIGNCRITERIA

Before we proceeded with technology developments, we wanted to ensure
that any technology-related work was aimed at accurate design criteria. The
results of this initial effort are shownin Figures 4, 5, and 6. First,
design criteria were established for supercooled clouds. The upper curve
(Figure 4.a.) relates the continuous maximumcondition and the lower curve
(Figure 4.b.) relates the intermittent maximumcondition. These criteria are
very similar to those in Appendix C of reference i (FAR25) with the exception
of the lower temperature limit, which goes to -22°F in FAR25, and the upper
liquid water content limit, which goes to 3 gramsper cubic meter for the
intermittent maximumcondition. The criteria that we have developed for super-
cooled clouds are not as constraining, and we feel that they should not be as
stringent for the Army helicopter as they are for aircraft that normally
operate at higher altitudes. These criteria represent the 99th percentile of
exceedanceprobability for altitudes up to I0,000 feet, the normal altitude
range of Army helicopters. The right sides of these curves are annotated to
relate the subjective terms (trace, light, moderate, and heavy) to liquid
water content ranges. It is suggested that the subjective terms be dropped
altogether; however, this relationship is based upon our best judgment of what
these terms should mean. Design criteria for snowfall and freezing rain,
developed under our program, are shownin Figures 5 and 6.

Once confidence was gained that adequate meteorological design criteria
for helicopter ice protection systems had been defined, technology assessments
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were performed. These assessments concluded that technology was basically in
hand to satisfy the ice protection requirements of all helicopter components
except rotor blades. Therefore, the ATL effort was concentrated in that area.
Figure 7 lists the various concepts examined for rotor blade ice protection.
Results of analyses of these various concepts concluded that the electrothermal,
cyclic deicing concept showedthe most promise of satisfactorily meeting the
needs. Weselected the spanwise shedding concept for development and flight-
test purposes.

THETESTHELICOPTER

Figure 8 shows a two-view drawing of the resulting research helicopter.
This icing research helicopter is equipped with ice-protected main and tail
rotor blades, using the spanwise shedding concept developed under our program;
heated glass windshields; a modified FMwhip antenna; two experimental ice
detectors that provide signals for control of the rotor ice protection system
and for cockpit display of cloud liquid water content; an anti-iced main rotor
stabilizer bar; and, a complete flight-test instrumentation system. The
instrumentation system includes a hub-mountedcamera for photographic coverage
of ice accumulations, shedding and runback, and an integrating rate unit (IRU)
that integrates liquid water content as a function of time to allow very pre-
cise natural icing severity level envelope expansion.

Figure 9 is a photograph of the test helicopter hovering in the Ottawa
Spray Rig.

Figure i0 is a photograph of the Sikorsky BLACKHAWKunder simulated
icing tests behind the USArmy Aviation Engineering Flight Activity (USAAEFA)
Helicopter Icing Spray System (HISS). This is a CH-47modified to incorporate
a 2500-gallon water tank and a retractable spray boom. Our experimental UH-IH
used the HISS for simulated icing tests in the forward flight regime.

FLIGHT-TESTOBJECTIVES

The objectives of our flight-test program are outlined in Figure 11 and
include the following: to demonstrate the feasibility of the spanwise shedding
concept over the range of design criteria under both simulated and natural
icing conditions; to explore the effects of ice accretion and shedding on
vibration, loads, performance, stability, and control; to explore the criti-
cality of system control parameters (energy on-time, power density, and the
ice detector function); to explore the effects of the engine exhaust with and
without the IR suppressor, upon tail rotor heating; to explore the icing
characteristics of unprotected componentsof the _elicopter; and, to explore
the effects of rotor blade ice protection system failure, incomplete shedding
and runback. Further objectives were to establish a correlation between
simulated and natural icing test techniques and to ultimately develop an icing
research test-bed helicopter.
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Figure 12 shows a breakdown of the flight-test hours accumulated to date.
A total of 78 hours of productive flight-test time has been obtained including
airworthiness testing conducted in 1975, HISS testing conducted at MosesLake,
Washington, in March 1975, Ottawa Spray Rig testing conducted in 1976, and
natural icing tests combinedwith additional Ottawa Spray Rig tests conducted
in 1977 and 1978.

Figure 13 shows the various test points that were obtained during the
flight-test program. This is a cross plot of the design criteria presented
in Figure 4 for supercooled clouds holding droplet size constant at 15 microns.
For that droplet size, liquid water content is plotted versus ambient tempera-
ture. The natural icing test points obtained to date are included.

Someof the basic results of the studies performed earlier in the program
are listed on Figure 14. Because of the estimated weight penalty for existing
helicopters, the Army users have been reluctant to state a solid requirement
for ice protection on existing helicopters. For example, the estimated weight
for equipping the UH-IH with complete ice protection, madein 1974, was 165
pounds. This would meanoff-loading one troop from the troop transport mis-
sion. Becauseof this, we began looking for other, lighter weight concepts
for rotor blade ice protection. A list of the concepts assessed to date is
shownin Figure 15. Each of these concepts showspromise for cost-effective
application. A brief description of each of these concepts follows.

ADVANCEDROTORBLADEICE PROTECTIONCONCEPTS

Microwave Concept

Figure 16 presents a schematic showing how the microwave concept maybe
applied to rotor blades. Details of the concept are contained in references
2 and 3. Figure 17 comparesthe microwave concept to the electrothermal
concept. From this figure, it is apparent that the microwave concept offers
several advantages such as reduced weight, cost, and power. In addition,
work performed to date indicates that ice detection is inherent in the concept.
Complexity of the system is somewhatreduced and detectability is reduced.
Areas of concern remain, however. The effectiveness of the concept has been
demonstrated during laboratory tests but actual full-scale demonstrations are
necessary to assure that laboratory results are valid. Reliability of oscil-
lators is questionable, maintainability objectives may require a greater level
of skill than now exists in Army organizations, and the durability of the
leading-edge erosion shield which is also a surface wave guide is expected to
be poor. The most significant concern is that the time required to develop
the microwave concept for application is estimated to be 7 to 8 years.

The next step planned in the development of this concept includes full-
scale icing tunnel tests of the concept applied to a small helicopter tail
rotor blade. This step is believed to be necessary to assure that the concept
can be physically applied to dynamic componentsto verify laboratory test
results in the dynamic environment.
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Vibratory Concept

Figure 18 comparesthe vibratory concept to the electrothermal concept.
Weight, cost, and power requirements are shown to be less, and other advantages
are listed. The concept and its features are described in reference 4.
Laboratory experiments have demonstrated that the vibratory concept will cause
blade ice to shed, but these tests were not conducted in a manner that con-
clusively proves that ice will shed in a symmetrical manneror under all
environmental conditions. The major area of concern is the effect of induced
blade modal shapes and resulting structural loads on blade fatigue life.
Analyses performed to date indicate that it is possible, with certain blade
and shaker designs, to avoid severe fatigue damage. The effect of the induced
vibration upon the structural integrity of other airframe and dynamic compo-
nents also remains an area of concern.

The next step planned in the development of the vibratory concept includes
full-scale flight testing to assure that analytical assessments are correct,
to allow experimentation with modeshapes, and then to demonstrate deicing
effectiveness. The development time is estimated to be 3 to 4 years.

Electro-Impulse (El) Concept

A schematic of the E1 concept is shownin Figure 19. This concept was
pioneered in the USSRand someflight testing on fixed-wing aircraft was per-
formed. The USArmy has not actively pursued this concept; but based upon
available information that is proprietary to the Lockheed-California Company
and to Bell Helicopter Textron, the concept is not considered viable for rotor
blade ice protection. This concept is comparedwith the electrothermal concept
in Figure 20. Although the power requirements of the EI concept are very
small, other features are not as attractive. The major concern is the com-
plexity and weight of the EI concept for rotor blade ice protection. The
concept may provide lightweight, cost-effective protection of thin skin leadin_
edges; however, conventional rotor blades, which contain massive leadin_ edges
for structural and dynamic purposes, defeat the advantages of the concept.

Pneumatic Concept

During the original assessment of various rotor blade ice protection con-
cepts conducted by the Lockheed-California Company,the pneumatic concept was
rejected for several reasons. Details of the assessment are contained in
reference 5; however, the primary concern was material technology that would
allow construction of pneumatic boots that could withstand the dynamic environ-
ment of the helicopter rotor blade. Since then, the B.F. Goodrich Company
has further investigated materials and techniques of pneumatic boot manufacture
and has conducted limited testing. Details of the B.F. Goodrich effort are
proprietary; however, results in general indicate that it maybe possible to
develop the pneumatic boot concept for rotor blade ice protection.

A schematic diagram of the pneumatic system applied to a UH-IH helicopter
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is shownin Figure 21. B.F. Goodrich estimates that the system would weigh
approximately 30 pounds (43%of the electrothermal system weight) and could
easily be applied to existing rotor blades and that cost would be muchless
than that for the electrothermal concept. Manyquestions must be answered
before this concept can once again be considered viable; hawever, based upon
limited testing conducted to date by B.F. Goodrich, further investigation
would be appropriate.

Ice Phobic Coatings

Wehave managedto take another look at ice phobic coatings, and I would
like to summarize this effort. Reference 6 describes an effort conducted
jointly by NASA-LewisResearch Center and FAANational Aviation Facility
Experimental Center (NAFEC)in which tunnel assessment of over I00 candidate
ice phobic coatings was made. Noneof the coatings was found to be suitable
for aircraft applications, although manywere found to reduce adhesion force
of ice to the test sample. These tests were conducted in the NASA-Lewisicing
tunnel. In 1974, ATL decided that since the time frame of the NASA-FAAtest
program, other substances might be available that could reduce adhesion force
sufficiently for application to helicopter rotor blades. Weissued an adver-
tisement in "CommerceBusiness Daily" and received approximately 20 replies.
Of the replies received, six substances were selected for laboratory test.
Twoof the samples had been tested previously during the NASA-FAAprogram.
These test samples were selected because the adhesion force of these substances
was found to be low and correlation between our test technique and the NASA-FAA
test technique was needed.

The results of testing conducted by the US Army Cold Regions Research and
Engineering Laboratory, Hanover, NewHampshire, for ATL are shownin Figure 22.
This plots the average shear force required to dislodge the ice from the test
sample versus successive or repeated ablation tests. As can be seen, most of
the substances produce very erratic results and the adhesion force is fairly
high. The curve on the right side of the chart is the baseline, uncoated test
sample. Two coatings,showed very low adhesion force repeatedly, as can be
seen on the left side of the chart. This was true until the test samples were
subjected to simulated rain tests, after which the adhesion force increased
to the baseline value. These results indicated that in the supercooled cloud
environment, these coatings mayhave sufficient life to provide rotor blade
protection. During the 1977-1978winter test season, very limited flight-test
experiments to obtain data on the life and application techniques were con-
ducted. These flight tests were conducted for ATLby USAAEFAfrom the Spokane
International Airport, Washington, and were completed in mid-February 1978.

Twocoatings were tested: a silicone grease manufactured by the GESili-
cone Products Division, Waterford, NewYork, and a silicone oil manufactured
by the DowChemical Company,Midland, Michigan. Both coatings showedpromise,
but the life of the Dowsubstance appeared to be longer. Figure 23 shows the
life of the Dowsubstance under the flight-test conditions. Detailed test
procedures and test results are contained in reference 7.
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Figure 23 shows that the Dowcoating lasted up to i hour 17 minutes under
the test conditions. For comparison purposes, the Army almost lost a UH-IH
during HISS testing in Alaska in 1974. On that occasion, the UH-IH had been
in the cloud at liquid water content (LWC)of 0.25 gm/m3 at -10°C for 22 min-
utes whenmost of the ice on one blade shed asymmetrically, causing very severe
vibration and extreme difficulty on the part of the crew to recover and land
the aircraft. The Dowcoating, under the same test conditions, performed as
an ice phobic coating. A mild asymmetric shed was observed after 40 minutes
at -10°C and 0.5 gm/m3 and the torque pressure limit of 5 psi (imposed for
flight-safety reasons) was reached in 13 minutes at-15°C.

It must be emphasized that these tests were of very limited scope, but
the results to date indicate that ice phobics show promise for application
to rotor blades and may provide at least a limited capability for flight in
icing conditions where the LWCis less than 0.5 gm/m3 and the ambient tempera-
ture is no lower than -10=C. More testing is needed to determine the effects
of rain, snow, dust, and other factors on coating performance. A program has
been planned for further ice phobic coating development and for fielding kits
for operational evaluation. It is strongly emphasized that ice phobic coatings
are not expected to provide ice protection over the full range of meteorologi-
cal design criteria.

CONCLUDINGREMARKS

The ATL helicopter ice protection R&Dprogram has established adequate
meteorological design criteria for use in the design and certification of
helicopter ice protection systems. These criteria should be applicable to
other low-altitude, slow-flying (fixed-wing) aircraft. Areas of lagging
technology have been identified and R&Defforts have been initiated to reduce
the shortcomings. The ATL R&Deffort has led to the implementation of a
product improvement program to incorporate a partial ice protection system for
the UH-IH helicopter. This system will include anti-iced windshields, an icing
severity level indication system for cockpit display of cloud liquid water
content and outside air temperature, a modified FMwhip antenna to preclude
antenna damagein the icing environment, and, an alternating current electrical
system capable of providing electrical power needs of the partial ice protec-
tion system as well as rotor system ice protection if it is included at a
later date.

The ATL R&Dprogram has identified the need for improved icing forecasts
and simplification of icing terminology and definitions. This subject is
addressed in detail in reference 8.

During the R&Dprogram to date, ATL has gained insight into the problems
of ice protection system design, test, certification, and operations. Also,
an icing research test-bed helicopter nas been developed for further research
of the icing environment and for icing flight-test evaluation of other sub-
system componentsand instrumentation.
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Figure 24 provides a listing of additional icing R&Dneeds identified to
date. Although the meteorological design criteria developed by ATL are con-
sidered to be adequate for the Army helicopter, it is considered appropriate
for NASAand FAAto verify that these criteria are applicable to civil heli-
copters and other low-altitude, slow-flying aircraft such as the fixed-wing,
general aviation, light aircraft. There is a need for improved icing fore-
casts, not only for military use, but for civil use as well. To facilitate
use of the improved icing forecasts, they must be provided in terms that relate
the cloud parameters, i.e., LWCand outside air temperature (OAT). To supple-
ment icing forecasts, the USArmy is using icing severity level indication
systems. Such systems, which consist of a cockpit display of cloud LWCand
OAT,are being incorporated in the UH-I, AAH, and BLACKHAWKdesigns. There
also appears to be a need for additional meteorological data, especially at
altitudes below 1500 feet, to confirm design criteria and to improve forecast-
ing accuracy.

Icing qualification/certification requirements for low-altitude/slow-
flying aircraft, including the helicopter, are currently based upon the
requirements of FAR25 (ref i). Based upon the design criteria established
by ATL, the FAR25 requirements seemexcessive for the low-altitude/slow-
flying aircraft. R&Dis needed to confirm that the ATL-developed design
criteria apply to low-altitude, slow-flying aircraft and to revise the icing
qualification/certification requirements for these aircraft.

ATLhas determined that reliance upon natural icing conditions for
certification purposes is too costly and time consuming. This applies to
military as well as civilian helicopters and low-altitude, slow-flying air-
craft. The only solution to this problem is to develop icing simulation
facilities for certification as well as R&Dpurposes. More and larger icing
wind tunnels are needed, and ground-based simulators such as the Ottawa Spray
Rig and airborne simulators such as the Army HISSneed to be improved to pro-
vide better simulation of cloud droplet size, larger clouds, and more test
endurance. Improvements are also needed to allow accurate measurementof the
icing parameters, including OAT, LWC,droplet size, ice crystal content, and
to allow in-flight documentation of ice formations.

There is a pressing need to develop advanced concepts for rotor blade ice
protection to provide military and civil operators a cost-effective, light-
weight meansof protecting the rotor blade. Finally, operational experience
is needed, as soon as possible, to assure that the concepts being fielded will
be beneficial to the user.

Figure 25 presents, in bar chart form, ATL research and development plans
to satisfy Army needs of the future. The darkened bars indicate funded plans,
while the open bars indicate unfunded plans. As (-an be seen from this chart,

funding is not currently programmed for development of the advanced rotor

blade ice protection concepts. Fiscal Year 1980 (FY80) is totally unfunded.

Our emphasis, with the minimal available funding, is-upon providing a limited

operational capability for the UH-IH under icing conditions and attempting to

develop and field ice phobic coatings to extend the operational limitations of

the UH-IH and possibly other existing helicopters. We do hope that as a result

of the research and development, the ultimate outcome will be the establishment
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of a design guide for helicopter ice protection systems. This design guide
would apply to civil as well as military helicopters.

RECOMMENDATIONS

The aircraft icing problem was laid to rest in the late 1950's. This was
due to the introduction of high performance jet aircraft and the extensive
research performed by NASAduring that era. The recent upsurge of the helicop-
ter and other low-altitude, slow-flying aircraft has renewed the need for
additional research. Manyareas of research and development have been iden-
tified and several changes in forecasting, terminology, certification require-
ments, methodology, and operational procedures are necessary. It is strongly
recommendedthat all agencies of the USGovernmenthaving responsibility in
this important area must develop a unified plan and secure funding to accom-
plish the research and development objectives. Other nations within the NATO
alliance have similar objectives. The United Kingdomhas developed a similar
plan and is unilaterally embarking upon the objectives of that plan.

The USGovernmentplan must be coordinated with interested NATOnations
and agreements reached on which nations will accomplish various tasks inde-
pendently or collectively. The USGovernmentmust then determine tasks to
be accomplished by various agencies independently or collectively. To achieve
this goal will require a small ad hoc group, consisting of representatives
from DOD,NASA,DOT,and NOAA,to develop, coordinate, and administer the plan.

It is recommendedthat by this meansthe aircraft icing problem may once
again be laid to rest in a cost-effective and timely manner.
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SUGGESTED NASA R&D

• IMPROVED ICING TEST FACILITIES
• ICING TUNNELS

• GROUND BASED SIMULATION FACILITIES

• COORDINATE WITH CANADIAN NRC

• AIRBORNE SIMULATION FACILITIES

• DEVELOPMENT

• OPERATION

•MAINTENANCE

• PARTICIPATION IN ARMY PROGRAMS
• FLIGHT TESTS

• INSTRUMENTATION DEVELOPMENT

• ICE PHOBIC COATING RESEARCH

• GENERALDATA
• LOW ALTITUDE DATA

• MIXED CONDITION PHENOMENA

Figure i.
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SUGGESTEDFAA EFFORTS

• ADOPT ARMY DESIGN

• COORDINATE/COFUND

• DEFINE CERTIFICATION

• DEFINE ACCEPTABLE CERTIFICATION

• PARTICIPATE IN ARMY PROGRAMS

• FLIGHT TEST

• REVISE FAR 25 AND

Figure 2.

CRITERIA

FACILITIES DEVELOPMENT

REQUIREMENTS

PROCEDURES

RELATED REQUIREMENTS
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PRIMARY

• ACCURATE DESIGN AND

EACH FUTURE GENERATION

• ASSURE TECHNOLOGY WILL

SATISFY REQUIREMENTS

TEST CRITERIA FOR

ARMY VTOL AIRCRAFT

BE AVAILABLE TO

SECONDARY

• TECHNOLOGY SPIN

CURRENT FLEET

OFF APPLICABLE TO

Figure 3.
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BLADE ICE PROTECTION CONCEPTS

• ELECTRO-THERMAL

• BLEED AIR

• HEATED LIQUID

• CHEMICAL FREEZING POINT DEPRESSANT

• MECHANICAL PNEUMATIC (BOOTS)

• ICE-PHOBIC MATERIALS

• ELECTRO IMPULSE

• SONIC PULSE

Figure 7.
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UH-1HSIMULATED& NATURALICINGTEST

OBJECTIVES

• DEMONSTRATE-,,FEASIBILITYOF SPANWISESHEDDINGCONCEPT
• OVER RANGE OF DESIGN CRITERIA

• UNDER SIMULATED & NATURAL ICING CONDITIONS

• EXPLORE._0

• EFFECTSOF ICE ACCRETION & SHEDDING UPON
• VIBRATION, LOADS

• PERFORMANCE, STABILITY l CONTROL

• SYSTEM CONTROL PARAMETERREQUIREMENTS
• ON-TIME, OFF-TIME

• POWER DENSITY

• ICE DETECTOR FUNCTION

• EFFECTSOF IR SUPPRESSOR

• ICING CHARACTERISTICSOF UNPROTECTEDCOMPONENTS

• EFFECTSOF SYSTEM FAILURE, INCOMPLETESHED, RUNBACK

• CORRELATENSIMULATED & NATURALICING TESTRESULTS

• DEVELOP_, AN ICING R&D TESTBEDHELICOPTER

Figure ii.
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OTHERBLADEICE PROTECTION
CONCEPTSIDENTIFIED

NOT EVALUATEDBY LOCKHEED

• MICRO WAVE

• VIBRATORY

• FLEXIBLE SUBSTRATE COATING

• RE EVALUATION OF ICE
PHOBIC COATINGS

Figure 15.
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MICROWAVE DEICER ROTOR BLADE CONCEPT

FLEXIBLEJOINT-_
,¢
4
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't
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_MAIN
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__ MICROWAV|GENERATOR

Figure 16.
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MICROWAVE BLADE ICE PROTECTION CONCEPT

• ADVANTAGES RELATIVE TO ELECTROTHERMAL

• AREA

POWER"-- 80% LESS

WEIGHT--17 TO 36% LESS

ICE DETECTION.-- INHERENT

COMPLEXITY,,--CONTROL REQUIREMENTS REDUCED

COST,.,.-27% LESS

DETECTABILITY,-- DIELECT RIC MATERIAL

S OF CONCERN/UNKNOWNS

EFFECTIVENESS._,LAB DEMO COMPLETE

RELIABILITY.--. OSCILLATORS..-,VACUUM TUBE

ADAPTABILITY-- NEEDS PROOF

MAINTAINABILITY_-GREATER LEVEL OF TRAINING

DURABILITY,--.EXPOSED SURFACE WAVE GUIDES

DEVELOPMENT,--7 TO 8 YEARS

Figure 17.

VIBRATORYROTORBLADEICE PROTECTIONCONCEPT

• ADVANTAGES--RELATIVE TO ELECTROTHERMAL

• POWER--'90% LESS

• WEIGHT.'_3 TO 28% LESS

• COMPLEXITY--.VERY SIMPLE

• ADAPTABILITY-,. SIMPLE MODS & KITS

• COST."- 29% LESS
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• AIIFIAli, COIPONENrS,CalW

• COMPLETE & SYMMETRICAL SHEDDING

• DEVELOPMENT--3 TO 4 YEARS

Figure 18.
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ELECTRO-IMPULSEROT09 BLADEDEICING CONCEPT

PENALTIES -- QUALITATIVECOMPARISION TO ELECTROTHERMAL

POWER.. 1.0 KVA vs 13 KVA

WEIGHT & COMPLEXITY

POTENTIALLYGREATER

R&M -. POTENTIALLYLOWER

COST.. POTENTIALLYHIGHER

DETECTABILITY-- SAME

CONCERNS

ADAPTABILITY- THINSKINLEADINGEDGE- LOCATIONOFCOMPONENTS

FATIGUELIFE .. HIGH LOCALSTRESSES

DEVELOPMENTTIME .. 7.8 yrs

Figure 20.
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ICE PHOBIC COATING FLIGHT TESTS
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AIRCRAFT ICING R&D NEEDS

• METEOROLOGICALDESIGN CRITERIA

• LOW/SLOW FLYING AIRCRAFT

• FORECASTING

• ACCURACY

• TERMINOLOGY/DEFINITIONS
• STATISTICAL DATA

• COCKPITDISPLAYS

• QUALIFICATION/CERTIFICATION REQUIREMENTS
• LOW/SLOW FLYING AIRCRAFT

• FACILITIES DEVELOP&lENTAND CERTIFICATION
• ICING TUNNELS
• GROUND-BASEDSIMULATORS
• AIRBORNESIMULATORS

• INSTRU,',;ENTATION

• OAT,LWC,DROPSIZE,CRYSTALCONTENT,PHOTO

• DEVELOPMENTOF ADVANCED CONCEPTS

• OPERATIONAL EVALUATIONS,

Figure 24.
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ADVANCEDCONCEPTS

COMPONENTTESTS
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OPERATIONALEVALUATION
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l

I

Figure 25.
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GUIDELINES- METEOROLOGICALRESEARCHCOMMITTEE

Objective: To define requirements for investigations of the icing
environment including:

a. Characterizing icing phenomena in terms of current
design, certification, and operational requirements.

b. Describing measurable parameters of interest to
forecasters, operators, and for icing simulation.

c. Describing meteorological research instrumentation
needs.

Representative questions to be addressed:

I. Assess current understanding of icing meteorology. Is a

"finer scale" definition of the icing environment necessary
or possible?

2. Is our currently-available meteorology data-gathering capa-

bility adequate for all categories of aircraft design and

operation (i.e., civil transport, general aviation, civil

and military helicopters)?

3. What is our understanding of frost formation on aircraft

lifting surfaces? Is it totally predictable?

4. What data-gathering equipment and sensors are currently

available for icing meteorology measurements? Is this equip-

ment adequate? practical? If not, what instrumentation R & D

is required? Who should do it...government, industry, or both?

5. Can automated observations be devised which are practical

and which could easily be transmitted to a forecast office

or to flight service stations?

6. Can icing severity levels be better defined? What does

severity depend upon?

7. How can the meteorology community work better with the research

facilities and simulation community?
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GUIDELINES ICINGFORECASTINGCOMMITTEE

Objective : To define the present capability levels in icing
forecasting and information flow to the operator, to
explore needs of the operational and design communities,

to define additional meteorological research needs, and

to identify additional data and instrument requirements

for improving forecasting accuracy and reliability.

Representative questions to be addressed:

I. What improvements have accrued to the forecasting of icing

in the past decade?

2. &re forecasting services and capabilities cor_mensurate with

present design capabilities and operational needs?

3. How accurate (in extent) and reliably can icing region boun-

daries and icing severity levels be forecast from today's

observational network? What i_provements could be made if

measurement accuracies were improved, observation grid size

decreased, and frequency of observations increased? What

are the practical limits to such changes?

4. What new sensors, instruments, or analytical techniques should

be developed to help the forecaster?

5. Can present satellite observations be practically used?

6. Can frost formation be reliably predicted?

7. _Wnat are the problems in predicting snow/rain lines and

freezing levels? How reliably can the forecaster discriminate

rime and clear icing probabilities?

8. Can research and simulation facilities sensors and instrumen-

tation be of practical use for application to forecaster's

observational and analytical needs?
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GUIDELINES- SYSTEMSDEVELOPMENTCOMMITTEE

Objective: To assess the adequacies of and deficiencies in icing
knowledge as it pertains to:
a. Aircraft or helicopter ice-tolerant design,

b. Ice warning and protection systems design,
c. Certification and simulation,

d. Piston and jet engine design

with a view toward improving flight safety, confidence,

and operational reliability in icing conditions.

Representative questions to be addressed:

1. What are the major design concerns in providing ice-tolerance?

2. How do the approaches to military and civil designs differ?

3. What shortcomings in meteorological information prevent more

effective ice-tolerant vehicle designs or ice warning and pro-

tection system designs?

4. What simulation fidelity shortcomings hamper design and certi-

fication of vehicle and equipment?

5. Are icing forecast definitions compatible with equipment, engine,

and vehicle design specifications?

6. How important is ice accumulation rate as a design factor? Is

our knowledge of natural icing phenomena adequate to confi-

dently bracket the range of ice rates likely to be encountered?

7. Is frost an important factor in takeoff and climb performance

for large, wide-body (large wing chord) aircraft?

8. What is the outlook for practical icephobic surface treatment

in airframe and engine applications?

9- Are ice protection additives or methods for fuels adequate?

If not, what are the needs?
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GUIDELINES- CIVIL OPERATIONSCOMMITTEE

Objective: To define the icing environment of various civil flight
operations including:

a. Scheduled Transport (Piston and Jet Engine)
b. Small Fixed Wing, Business and Personal (Piston and

Jet Engine).

c. Helicopter Operations (Piston and Jet Engine)

with a view toward identifying achievable improvements
in civil icing operational safety and dispatch reliabi-
lity.

Representative questions to be addressed:

i. What types of operations require risking flight into icing
conditions?

2. What is the impact of flight icing or overnight ramp frost
accumulation on these operations (e.g., loss of revenue,
customers, cancellations, delays, or diversions, etc.)?

3. What phase of operations seem most affected by ice (e.g., flight
planning, flight, maintenance)? What design features or com-
ponents appear to be most sensitive to ice (e.g., engine sys-
tems, airframe, sensors, rotors, etc.)?

4. Describe the range of adverse effects of ice (e.g., perfor-
mance, handling qualities, ice buildup rates, etc.).

5. What are the problems with icing forecasts (e.g., geographi-
cal accuracy, icing intensity and extent, freezing levels,
type of ice forecast vs that actually encountered, etc.)?

6. What should the minimum protection requirements be for vari-
ous operations? For what types of ice or frost?

7. What are the relative merits of anti-icing, de-icing, ice de-
tection and warning systems?

8. Is fuel icing a problem?

9. Is meteorological icing information available on a timely
basis?
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Objective:

GUIDELINES- MILITARYOPERATIONSCOMMITTEE

To define the icing environment of various military
flight operations including:

a. Fixed and Rotary Wing (Piston and Jet Engine)

b. Low Level Flight
c. Search and Rescue

with a view towards identifying achievable improve-
ments in ice-tolerant operations.

Representative questions to be addressed:

l._What is the impact on accident rates of missions requiring
flight into icing conditions? Of what nature are the acci-
dent causes?

2. Are icing forecast definitions "fine" enough to depend upon for
dispatch purposes (e.g., light, moderate, or heavy)?

3. What types of icing protection are acceptable or desirable for
military missions? What are the drawbacks of present systems?

4. What types of icing present the most serious operational
penalties? What components are most vulnerable (e.g., air-
frame, rotor, propeller, antenna, weapons, stores, etc.)?

5. What design features seem to present the most icing problems?
6. Describe the adverse effects of icing on performance, handling

qualities, etc.

7. Is there prompt enough transmission of meteorological (fore-
cast) information from the met office to the pilot? If not,
why not?

8. Is fuel icing a problem?
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GUIDELINES- ICING RESEARCHANDFACILITIES COMMITTEE

Objective: To define requirements for facilities, research tech-
niques, and instrumentation including:

a. Dynamic and static ground test facilities
b. Airborne icing simulation facilities

c. Techniques for testing and obtaining credible data
for design, certification, and operations purposes,

with a view towards establishing a basis of knowledge
and understanding of the icing/equipment interface from
which rational ice-tolerant design and operations may
proceed.

Representative questions to be addressed:
1. With existing facilities, what do you consider to be the

most significant type of icing work needed to support near
term requirements for these categories of aircraft:

a. Helicopters
b. General Aviation
c. Commercial Transport
d. Military (Other than Helicopters)?

2. What are the major limitations of current icing test facili-
ties (both ground and flight) in light of what will be your
R & D needs for the next 10-15 years for the above categories
of aircraft?

3. What capabilities would be required for new and better icing
research facilities (size, expanded operational envelopes,
etc.)?

4. What improved instrumentation and data acquisition and pro-
cessing requirements will be needed?

5. Would the acquisition of new or improved test facilities re-
quire private investment or government funding?

6. Are mixed conditions (ice and super-cooled water) of suffici-
ent importance that ground test facilities should be extended
to duplicate this environment?

7. Is additional work needed for the verification of artificial
ice shapes as compared to those occurring in natural icing
conditions? Is additional work needed to assess the effect
of scale on frost-limited performance (e.g., large wide-body
jet large chord wings)?

8. How frequently must artificial icing test facilities be re-
calibrated to provide adequate user confidence?

9. Is the drop size limitation of existing ice test facilities

a serious constraint or must the spray system range be ex-

tended?

10. What do you regard as an adequate calibration of an icing test

facility?

ll. What novel test techniques would be possible with non-intru-

sive measurement methods (e.g., laser-Doppler velocimeter, etc.)?

72



SUMMARYREPORT -

METEOROLOGICAL RESEARCH COMMITTEE

Helmut K. Weickmann

NOAA, ERL, Atmospheric Physics and Chemistry Laboratory

INTRODUCTION

It appears that most research on aircraft icing was accomplished during the
1940's and 1950's. As a consequence of this work, de-icing equipment was design-

ed and installed preferentially in high performance passenger aircraft. With

this, the icing problem appeared to be solved. Private aircraft, however, are

usually not equipped with de-icing equipment and the increase of their number

has increased the number of icing incidents. Also, helicopters are being flown

in all weather conditions, but their vulnerability to icing has so far effective-

ly prevented them to become all-weather-flying machines.

It so appears that a new look at the problem of aircraft icing is urgently

needed. It was the consensus of the group that a "finer scale" definition of

the icing environment is definitely necessary since the presently used icing

climatology is designed for long-range high performance aircraft, while most

private aircraft, certain military types and helicopters require information

which is more detailed in time and space.

We have identified essentially five areas which require attention:

I. Icing cloud environment.

2. Icing climatology

3. The role of the Meteorologist

,

.

Shape, hardness and opacity of natural ice deposits in dependence
of the supercooled or solid hydrometeors.

Vulnerability of distinct aircraft types, e.g. helicopters, private

one-engine type aircraft, special military airplanes, in icing
conditions.
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DISCUSSION

I. The Icing Cloud Environment

It is very important to have accurate data of the conditions in supercooled
clouds, such as numbers and sizes of supercooled cloud drops, of supercooled
liquid cloud and precipitation water content and of the existence of snowfall
together with supercooled clouds. Some of these cloud data may vary consider-
ably for identical cloud types from location to location; for instance, the drop
size will depend on the number of available cloud condensation nuclei (CCN),
which in turn depends on whether the cloud is continental or maritime or whether
it forms in a polluted or non-polluted atmosphere. Since the role of the cloud
droplet size on the icing characteristics is not quite clear, additional labora-
tory research is warranted. This must be accomplished before a much needed
refined icing climatology can be obtained.

In the appendix, we show unpublished measurements of cloud elements--drop-
let radii, visibility, liquid water content, droplet concentration per cc--for
cumulus humilis, cumulus and cumulonimbus in New Jersey (Plate I, droplet spec-
trum I-8; Plate II, droplet spectrum 9-12), for cumulus congestus and cumulonim-
bus over Florida and the Gulf of Mexico (Plate II, droplet spectrum 13-16;
Plate III, droplet spectrum 17-24; Plate IV, droplet spectrum 25-32; Plate V,
droplet spectrum 33-34), and of stratus and stratocumulus over New York State
(Plate VI).

Only the latter data were taken under supercooled conditions, the former
are all taken at temperatures above freezing. There is, however, no reason to
assume that the droplet sizes and concentrations are much different in the super-
cooled part of the clouds, except at low temperatures, say below -20oc; where
ice crystals become more numerous and the droplets begin to evaporate. These
spectra show a number of typical and important characteristics: The droplet
concentration of continental clouds and over polluted New Jersey are consider-
ably higher than over the maritime air of Florida and the Gulf of Mexico. It is
also interesting to note that the droplet concentrations and the liquid cloud
water contents measured in New Jersey in cumulonimbus clouds agree with those of
the cumulonimbus clouds of Florida in spite of the apparently higher number of
CCN's over New Jersey. This indicates that in an icing climatology cumulonimbus
clouds do not depend on local peculiarities of the CCN concentration.

Note also that cumulus congestus and cumulonimbus clouds have spectra with
a long tail of few large drops. These may be very important during the icing
process as they may splash and spread out to be molded into an odd shaped ice
deposit.

The stratus cloud (Plate VI) was a typical winter type cloud about 4000
feet thick. Its temperature is shown as crosses on the left side of the hatched
area and measurements of liquid water content are show_ at the elevation at
which they were taken. Unless prolonged flight time is required inside this
cloud type, icing is of little concern except for the danger of windshield
icing.
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It is uncertain whether stratiform clouds can be similarly treated in an
icing climatology as cumulonimbusclouds, as we know, for instance, that their
radii are smaller along the Eastern Seaboard than along the Pacific coastline.
A decision can only be madeafter laboratory measurementsof the icing charac-
teristics of different droplet concentrations but constant liquid content have
been made.

2. Icing Climatology

As mentioned above, a "finer scale" icing climatology is necessary to
permit the increased demandsfor icing prediction based upon climatological
statistics be met. The presently available icing climatology appears to
satisfy the needs of long distance and high performance aircraft, all other
types - combat support, helicopters, private aircraft - require climatology of
water substance and temperature in the atmospherewhich is improved and "finer
scale" in time and space. The range of interest of temperature is expected
to be +5 to -30oc with particular emphasis on the +2 to -lOOC regime. It
is believed that the probability distribution of the four categories of water
substance itemized below and typical hydrometeor distributions to be expected
as a function of cloud type, height above base, etc, are required. The four
categories are derived by division of water substance into the two phases
(solid and liquid) and by size into particles which are moving essentially
with air (cloud water) and those falling through it (precipitation). The
resolution being sought is thought to be the greater of 0.I gm-3 or 10%of the
maximumin any category. Information on the spatial variability of water
substance down to a scale of about 1 km is also necessary for somepurposes.

It mayreasonably be argued that any attempts to define a climatology of
icing parameters more closely must await their full recognition. For example,
it maybe that drops of diameter greater than say 25 umplay a crucial role in
rotor blade icing because of the muchreduced collection efficiency experienced
by smaller sizes. If this supposition was, in fact, found to be correct, it
would certainly have a significant effect on a study aimed at defining the
incidence of icing hazards. Nevertheless, although the timing of a study is
open to questlon, there is little doubt that an improved definition of the
probability of occurrence of various combinations of atmospheric variables will
ultimately be necessary. It has been suggested that if such a study is under-
taken more or less in parallel with a properly instrumented study of hazard-
creating processes, this will create the most cost-effective solution.

3. The role of the Meteorologist

The meteorologist, with somejustification, will argue that the
broad envelope of conditions which are likely to create hazards can be (indeed
have been) identified. However, the difficulty of discovering the actual
physical basis of the creation of icing hazards continually creates pressure
for refinement of this envelope. There is little doubt that somerefinement
is possible, perhaps not through the provision of more detailed statistics,
but by applying accepted physical understanding to the problem. Hence, the
first role of the atmospheric physicist is likely to be interpretive.
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There is a fundamental requirement that progress must be madein under-
standing the physics of hazard creation. This will not be achieved until in-
struments are available to observe and quantify the icing process and the co-
existing state of the atmosphere. The atmospheric Physicist may reasonably
expect to contribute to this required development. Recent improvements in drop
sizing instrumentation (Knollenberg, 1976) are likely to assist here.

It is important to recognize here that the climatology of interest is un-
likely to be of the commonlymeasuredmeteorological variables alone. At first
sight the task of defining the climatology of, say liquid water content as a
function of temperature, altitude, geographical position and time of year is a
horrendous, if not impossible, one. Almost certainly an approach which seeks
to separate the problem into climatological and interpretative componentswill
be necessary. Thus, it is suggested that existing synoptic data be used to
define the probability of occurrence of, for example, cloud type and amount,
cloud base height, and surface temperature over the region of interest and that
the relationship between these and icing parameters be established separately.

Aircraft Design and

Certification Needs

Research

and

Education _I_4_ &Icing _/_ Define and
Forecast Reevaluate

Needs and Climatology

Capabilities

The role of the Icing Meteorologist

The effective role the meteorologist should assume in the icing community
is shown by the graph above. The three descriptions on the loop represent the
main deficiencies in the present knowledge of the icing environment for which
the meteorologist has responsibility. Research and education, as located in
the center of the loop, is a response to these deficiencies. The arrows shown
on the figure represent a dynamic interaction within the icing community. The
loop itself represents the flow of information that is required for a solution
to the problem areas. Some specific examples of the problem areas were identi-
fied at the Icing Specialist Workshop as the following.
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If forecasting and climatology can only give answers in terms of probabil-
ities of the meteorological icing parameters, then the designer and the certi-
fier must adopt the evaluation of an aircraft ice hazard accordingly.

Whenthe meteorologist needs a better and cheaper measurementsystem to
fulfill a forecasting requirement, the aircraft instrumentation designers must
respond by providing adequate data-gathering capability, such as automated
observations easily transmitted to a forecast office or to a flight service
station.

If forecasting and climatology has access to measurementsystems that allow
a finer resolution in icing parameters, and thereby better probabilities of
Certain combinedmeteorological parameters, then it may becomepossible for a
Pilot to use this data to assist in self-forecasting.

If a pilot has a flight manual from the designer and the certifier indica-
ting his icing hazards he maydecide to penetrate or avoid the clouds in the
area. The meteorologist has a role here of educating the pilots to interpret
the meteorological forecasting data.

Whenthe meteorologist finds from the designer or the certifier that in
the sameenvironment a helicopter will experience icing and an airplane will
not, then he has to redefine the climatology to consider liquid water content
(LWC), temperature, droplet size or cloud types rather than classify according
to light, moderate, or severe icing.

Another problem area will exist when a meteorologist begins forecasting
overnight aircraft frost formation and severity. This meansthat climatology
and forecasting will need to obtain new data for example, on the short and long
wave radiation over geographical locations.

The previous six examples demonstrate that if the icing meteorologist
maintains his role as shown in the figure, he will provide an important service
to the icing community.

4. Shape, hardness and opacity of natural ice deposits
in dependenceof the supercooled or solid hydrometeors.

The following observations were madein Germanyduring February, 1941:
"A rake consisting of three cylinders had been installed over the cockpit of
a Junkers JU-90 four-engine plane.* The diameters of the cylinders were 0.6,
3.0, and 1.2 cm. The base planes of the cylinders could be photographed from
inside the plane. From the different thicknesses of the rime depositions on
the three cylinders, the average size of the cloud droplets was calculated
according to Albrecht's theory of collection efficiency. This theory, natural-
ly, is applicable only as long as the rime deposition is small enough not to
disturb the ideal aerodynamic flow around the cylinder.

* quoted from: Observational Data on the Formation of Precipitation in Cumulo-
nimbus clouds, by H. Weickmann,Chapter V of Thunderstorm Electricity, pages
66-138.
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The rime deposition obtained at a temperature of -13oc and an altitude of
1,500 meters, by flying for 50 minutes at an air speed of 270 km/hr through a
layer of stratocumulus clouds, is shownin Figure I, a. The average radius of
the cloud droplets was 4.5 u. Figure l,b showsa rime deposition obtained at
about the sametemperature, but in a cloud with a greater average droplet
size (5 - 7 _ radius). The cloud layer was an extended altocumulus one, at a
height of 3,700 meters. Here the aperture of the cone adjacent to the cylinder
wall seemsto be greater, probably becauseof the greater droplet size. We
notice two significant properties of the depositions of this temperature range:
the opaque appearance and the conical cross-section which points with the flat
base toward the direction of flight. The depositions collected from the small-
est cylinder are characterized by the most marked broadening. The ice was very
hard, and the internal structure showedmany layers like polished agate parallel
to the base line of the cone.

Depositions which were obtained at higher temperatures looked quite differ-
ent. Figure 2 a,b shows such an ice deposition which was obtained in the
upper part of a stratus layer at temperatures near the freezing point. The
average droplet size was characterized by a radius of 8 - 9 _. The remarkable
features of this deposition were: (I) the marked broadening or flattening of
the ice on all cylinders, as a result of which the conical shape is almost
entirely masked(note this especially in Fig. 2 a); (2) the irregularities
which occurred in spite of the fact that this deposition was formed by a con-
tinuous accretion process whenflying in the samecloud level near the top of
the cloud (Fig. 2 b); and (3) the clear ice from which it was mainly formed.
During the formation of that deposition, the rate of crystallization obviously
was so small that the cloud droplets were allowed to coagulate before they
froze, and someof the water was even blown to the rear part of the cylinder,
where it froze (note the deposit of ice on the rear surface of the big cylinder
in Fig. 2 a,b). Certainly the small rate of crystallization plays an important
role in the formation process of this irregular-shaped deposition. While pass-
ing cloud parts with a higher water content, small quantities of unfrozen water
were blown toward the edges of the deposition and were partly sprayed off and
partly frozen as larger droplets. This process results in very unusual flat-
tened forms. It may be important to mention that the cloud contained no
precipitation particles of a greater size which could be responsible for the
wartlike surface and the irregular shape."

While these deposits accumulate relatively slow, so that evasive action
can be taken by the alert pilot, we have reason to believe that a mixture of
supercooled cloud and snowfall can lead very quickly to ice accumulation and
to a hazardous situation. It is, therefore, the combination of solid and
liquid undercooled hydrometeors which requires special and very careful atten-
tion.

5. Vulnerability of distinct aircraft types_ e.g. of helicopters,
private one-engine-type aircraft, special military airplanes.

It appears that little hard data are available from research in icing wind
tunnels on the subject of aircraft vulnerability. It is therefore recommended
to makeoptimum use of the NASAicing wind tunnel in Cleveland in order to
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study the impact of various icing situations "in situ". This is particularly
necessary for helicopter icing since ice will deposit differently along the
rotor blade and icing may have large impact on the exposed rotor blade steering
mechanismwith its numerouspush rods.

Areas of special attention are icing studies of the windshield and of the
air induction into the motor.

Problems of special consideration are the formation of frost in exposed
surfaces during a cold night, if the aircraft is located under the clear sky.
There one deals with numerous, small individual ice crystals which are frozen
to the surface and which would affect the air flow across the wing and stabil-
izer surfaces. In order to understand and evaluate this phenomenon,close
cooperation between the design engineer and the meteorologist (cloud physicist)
is necessary.

CONCLUSION

Since the 1940's and 1950's, aviation has increased profoundly, particular-
ly through the numberof private aircraft, helicopters and combat support air-
craft. Consequently, a new effort for an icing climatology in refined time and
space is warranted. Icing characteristics of precipitating and non-precipita-
ting clouds must be determined by measurementsof liquid and solid water con-
tent, of temperature and cloud droplet spectra. The cloud types to be investi-
gated are (I) stratiform clouds, such as altocumulus, strato-cumulus, stratus
as non-precipitating and nimbostratus as precipitating (rain and snow) cloud
types or systems. The temperature range is 0 to -30oc; with special interest
for the range 0° to -lO°C. (2) Convective clouds - this category includes all
types of cumulus clouds, precipitating and non-precipitating, from OoCto the
glaciation level (-35oc to -40°C). These investigations must be carried out
in continental as well as maritime clouds and in polluted as well as non-pollu-
ted regions.

Simultaneously typical ice deposits must be studied as they occur on
aircraft in nature. This research must be supplementedby investigations of
aircraft vulnerability in the NASAIcing Tunnel. Special attention must be
given to windshield and induction icing. With respect to icing instrumentation,
it appears that an icing rate meter would be most desirable in addition to a
water content meter for both, liquid and solid cloud and precipitation hydro-
meteors.
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a

b

Figure 1 a, b. - Rime ice formed on cylinders during the flight through

supercooled clouds. Diameters of cylinders from left to right:

6, 30, and 12 mm. a: mean linear droplet radius 4.5 _; tempera-

ture about -13°C. b: mean linear droplet radius 5 - 7 _; tempera-
ture about -13°C. -
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b

Figure 2. Clear ice formed during the flight through slightly super-

cooled clouds. Mean linear droplet radius 8- 9 _; temperature

near freezing point.
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APPENDIX

I. Cloud droplet spectra and other cloud elements as measured in all kinds
of cumulus cloud and under varying climatic conditions. Plates I thru VI.

2. Replies to Representative Questions Furnished by Conference Chairman

3. Reply to Guidelines for Committee Chairman Reports.
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REPLIES TO REPRESENTATIVE QUESTIONS FURNISHED BY CONFERENCE CHAIRMAN:

I. Assess current understanding of icing meteorology. Is a "finer scale" de-
finition of the icing environment necessary or possible?

Ao As explained above, a "finer scale" definition of the icing environment is
necessary for non-high performance aircraft whose ceiling is about 3000 m,
for helicopters and certain types of military aircraft.

. Is our currently-available meteorology data-gathering capability adequate
for all categories of aircraft design and operation (i.e., civil transport,
general aviation, civil and military helicopters)?

A. It is-not adequate for a "finer scale" definition of the icing requirement
since this demands measurements in the meso-meteorological range (about
I0 to 500 km).

3. What is our understanding of frost formation on aircraft lifting surfaces?
Is it totally predictable?

ao Frost formation is the same phenomenon as rime. It may occur under a clear
sky, in haze or fog. Its prediction is as difficult as the prediction of
dew or rime.

. What data-gathering equipment and sensors are currently available for icing
meteorology measurements? Is this equipment adequate? Practical? If not,
what instrumentation R & D is required? Who should do it...government,
industry, or both?

ao In order to answer this question, one has to know first what icing para-
meters need to be known. It appears that the supercooled liquid water
content of a cloud is one of the parameters, at the same time, however, one
would like to know the amount of solid ice, particularly in form of snow-
fall. Heavy snowfall through a supercooled cloud in the temperature range
of 0 to -lOOC can be very dangerous. Also, of course, freezing rain. A
vertical pointing 8 m/m cloud radar may be useful but it relays only the
conditions over one station. Airborne stations could be valuable as
suitably equipped aircraft to measure the supercooled liquid content. There
is really no fully developed operational liquid water content meter avail-
able, and neither is a reliable icing rate meter developed. Promising for
further development may be the nimbi,meter, a hot-wire liquid cloud water
meter (Merceret and Schricker, JAM, VOL 14, No.3, April 1975), and the
Rosemount Ice Detector, Model 871. Here, the sensing element is an axially
vibrating tube whose natural frequency changes as ice accumulates on it.
At an accumulation corresponding to 0.5 mm (0.020") ice, an output signal
is provided to the timer.

5. Can automated observations be devised which are practical and which could
easily be transmitted to a forecast office or to flight service stations?

A. This task would require a determined effort by a determined sponsor.
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Can icing severity levels be better defined? What does severity depend
upon?

Icing can often be a freak phenomenon due to a convective cloud with high
water content embedded in a cyclonic snowfall. For the answer to this
question much R & D is necessary which should come from a special Aircraft-
Icing-Research Group linked to NASA, the FAA, and NO/LA.

How can the meteorology community work better with the research facilities
and simulation community?

A. By establishing lines of communication between them.
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GUIDELINES FOR COMMITTEECHAIRMENREPORTS

Your committee report should reflect your committee's viewpoints on
the following:

• From your interactions with the other committees, identify in order of
decreasing importance the most pressing needs within the context of your
committee's title.

2. State nature of problems (e.g.,operational, R&D, lack of data, procedural,
etc.).

3. How soon can problems be reasonably solved? What impact on aviation will
be likely if problem is not addressed?

4. What is your assessment of the cost-benefit of these solutions?

5. Is knowledge in hand, or is new effort required to effect solutions?

6. Recommend which organization(s) (Government and/or industry) should be
involved in problem solving and identify their respective roles.

REPLY

A general answer to the problems mentioned in the paragraphs I-6 is as
follows:

It appears to be urgently required that special ice research groups be estab-
lished. The mission of these groups should be to study in the laboratory and in
the atmosphere, the icing parameters which prevail in certain cloud types and
which most affect various types of the aircraft. These parameters may be differ-
ent for military aircraft, for helicopters, for private aircraft, etc. Such
research groups must closely coordinate, if not cooperate, with the aircraft
designer on one side and the meteorological community on the other. They must
use the most modern data collection and data analysis systems with which they
are able to completely describe the characteristics of an icing cloud as well as
the response of the aircraft or helicopter with their various air induction and
windshield wiper systems• The complexity of this research calls for a diversi-
fied approach such as requires several research centers, for instance, research
should be supported at such centers as the NASA-Lewis Research Center, The U.S.
Army Cold Regions Research and Engineering Laboratory, the FAA and others. I
firmly believe that failure to attack the problem now will severely affect
wintertime flying, particularly of the private sector, the military combat sup-
port flight requirements, and helicopter all-weather operations.
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SUMMARY REPORT - ICING FORECASTING COMMITTEE

Arthur Hilsenrod

Federal Aviation Administration

INTRODUCTION

Aircraft pilots and aircraft dispatchers depend on icing forecasts in flight

planning. Inaccurate forecasts result in the loss of time, incompleted

missions, and at worst, accidents. A forecast of icing conditions is often

sufficient to cancel an individual flight or military flight operation.

Most forecasts cover large areas, the condition for which may not apply to

a particular flight or given area. Icing forecasts for the 2-3,000 foot

altitude range are very often inaccurate. It is necessary to improve icing

forecasts to insure safe movement and reduce umnecessary cancellations of

flights.

PRESENT FORECAST SYSTEM

Icing forecasts have been provided by the National Weather Service (NWS) and

the U.S. Air Weather Service (AWS) for about 15 years without significant

changes in the basic techniques used to provide these forecasts (Air Weather
Service, 1969). 1

The basic technique is still to determine the freezing level and associated

cloud types that will be at, or above, that level. Improvements have been

made, however, in the data inputs to the forecast technique. They include

improved forecast models which provide improved temperature and precipitation
forecasts.

Satellites can provide information on clouds and cloud cover that could be

of use in improving the icing forecasts. There are no indications that an

effective model with smaller grid sizes with associated dense observational

networks will be available in the near future for the improvement of the

icing forecast. Utilization may be made of the increased number of pilot

reports that are becoming available. The icing forecast techniques require

reexamination to determine means of improving them.

IMPROVED COMMUNICATIONS

In recognition of the value of the most recent weather information to pilot

and forecaster, both the NWS and the Federal Aviation Administration (FAA)

are undertaking major efforts to develop systems to improve the communica-

tions of weather information. The systems will have a significant impact on

the speed at which hazardous weather information, e.g., icing conditions, will

iAlthough specific references were not, for the most part, discussed by the

panel, they are added for the completeness of this sumnary.
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be transmitted from one aircraft pilot to another, and to the weather fore-
caster for updating his forecast. The Automation of Field Operations and
Services (AFOS)System is being installed by the NWSat Weather Service Fore-
cast Offices (WSF0s),Weather Forecast Offices, and Air Traffic Control
Centers. In 3 years, 200 automated weather offices will be linked in an
11,620 mile circuit (see Figure i) (Weigel, 1978).

AFOSwill do awaywith the present system of teletypewriters and facsimile
machines and the enormousquantities of paper they generate and substitute
an all-electronic system in which weather information will be displayed on
TV screens. A weather mapwill arrive at the station in about 1/40th the
time it takes on paper. Messageswill arrive 30 times as fast. A message
will go from one station on the main circuit to the station most remote from
it in about 25 seconds with error checks at an average of 24 places between
them.

The FAA is directing a major effort to integrate data acquisition, data pro-
cessing, and communications performed in support of aviation into an improved
consolidated effective system that will meet both the near-term (1980) and
long-term (1990) requirements of all aviation (Aviation Weather System Plan-
ning Team, 1978). The new system will have a significant impact on the
speed at which hazardous weather information, e.g., icing conditions, will be
transmitted (i) from one aircraft pilot to another, and (2) to forecasters
for updating the forecast. Figure 2 outlines the systems that will be eval-
uated to provide fast communications of weather to the pilot.

QUANTITATIVE ICING DATA

Major improvement of icing forecasts will evolve only when we measure, report,

and forecast icing conditions in quantitative form. To this end, we need

(i) instruments to measure and report icing conditions, and (2) changes in

the current definition of icing conditions.

REQUIRED ICING DATA

The atmospheric parameters that are associated with aircraft icing are liquid

water content (LWC), drop size distribution (Do) and outside air temperature

(OAT). These are the parameters that are utilized to define the icing stand-

ards in the Federal Air Regulations and Military Specifications which aircraft

must meet to be certified for flight into icing conditions. As Adams (1978)

reported, these design standards are adequate for aircraft that operate above

I0,000 feet but are considered excessive for low/slow flying aircraft such as

helicopters, many general aviation aircraft, and several military aircraft.

The FAA is initiating a review of available icing information from all sources

to provide interim icing standards for helicopters.

The availability of icing standards for all aircraft will allow manufacturers

to provide quantitative icing limitations for each aircraft for incorporation

into the operator's flight manual or handbook of each aircraft. Making at

least LWC and OAT information available to the pilot from instrumentation on

his aircraft will allow him to assess the vulnerability of his aircraft to
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the icing conditions he encounters and take courses of action to avoid them
as necessary. Further, the collection of LWCand OATinformation on a regular
basis will permit the development of new techniques for icing prediction.

CHANGE IN ICING DEFINITIONS

Current definitions of icing intensities -- trace, light, moderate, and

severe -- were established by the National Coordinating Committee for Aviation

Meteorology in February 1964 and adopted by the Subcommittee on Meteorologi-

cal Services in 1968. It was intended to designate icing intensities in

terms of its operational effect upon the reciprocating engine, straight-wing

aircraft as a standard. Currently, these intensity terms are interpreted

differently for different aircraft. Conditions that cause light rime icing to

one aircraft may cause moderate glaze icing to another depending on the de-

sign and flight characteristics of the aircraft, e.g., airspeed, aircraft

contour or shape, and temperature of the surface upon which ice is accreted,

etc. The forecast of icing conditions in quantitative form would be evaluat-

ed by the pilot with respect to his particular aircraft.

Quantitative definitions have been advanced relating trace, light, moderate

and severe (heavy) icing to liquid water content. Relationships appear in

the Air Weather Service Manual (1969) based on the work of Lewis (1947).

Newton (1977) also referring to the Lewis (1947) report notes that quantita-

tive definitions relating the rate of collection of ice, at 200 miles per

hour on a circular cylinder 3 inches in diameter or a similar system may

satisfactorily by utilized for quantitative measurements, and these measure-

ments may be used to verify the forecasts of icing conditions in quantitative

form utilizing current forecast techniques. Quantitative relationships have

also been advanced by personnel associated with design and operation of

helicopters (Werner, 1975 and Kitchens and Adams, 1977).

Drop size distribution (Do) in these definitions are not currently suggested

mainly because the measurement systems for D o are quite expensive and the
addition of Do was not agreed upon as a critical addition to LWC and OAT for

evaluating icing effects on aircraft.

These definitions are useful in clarifying and eventually transitioning to

the use of quantitative values only. Within the U.S. it is necessary for

each agency to take steps to bring to the attention of the offices of Federal

Coordinator for Meteorological Services and Supporting Research the desira-

bility of em_ablishing quantitative standards of icing conditions. Once

initial Federal standards are established, international standards can be
worked out.

INSTRUMENTATION

For research purposes, a variety of instrumentation, expensive and inexpen-

sive is available to measure LWC, OAT, Do, ice crystals, and ice accretion

rates. If these data were made available on a regular basis, forecast models

could be improved and quantitative forecasts issued.
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Several ice detectors have been developed and are being used and/or being
tested on helicopters (Adams,1978), small aircraft (Newton, 1977), and
transport category aircraft, e.g., LI011. The Environmental Research Lab-
oratories are investigating improved instrumentation. It is desirable that
available instrumentation be adapted to provide at least LWCand OATto the
pilot. Eventually, this data could be madepart of an aircraft weather
observation system that would transmit the information to a forecast office.
This information would include, at a minimum, time, height, location, temper-
ature, pressure altitude, or altimeter setting and wind. Such information
would be of direct use to the forecaster as well as contribute to the pre-
paration of a muchneeded route icing climatology.

ICING CONDITIONS IN CLOUDS

There is no existing data base relating types of clouds, sections of clouds,

or heights above cloud bases to LWC, OAT, and Do . Such a data base, in

conjunction with the known weather conditions, would assist the forecasters

in providing the improved quantitative forecasts.

TIMELINESS OF FORECASTS

Currently, forecasts, including those for icing conditions, are issued 3

times a day. They are updated as new data indicates that changes are warrant-

ed. With the advent of AFOS, the NWS will be in a position to provide fore-

casts every 2 hours for 4-hour periods. Since 95 percent of flights have a

duration of 4 hours or less, forecast of 0-4 hours is an important step to

meet pilot demands for improved forecasts. More frequent forecasts are part

of a plan for improving aviation weather forecasts (Crisci, 1978).

ICING FORECAST MODELS

The AWS has an icing forecast model that can be adopted operationally when-

ever LWC becomes a regular reporting parameter.

The availability of LWC reports on a regular basis will allow forecasts of

the probability of icing conditions utilizing the technique of Model Output
Statistics.

The University of Dayton is developing a dynamic model for the forecast of

frost, i.e., hoar frost (Dietenberger et. al., 1978). It utilizes convention-

al data and will be available for operational use in about 2 years.

SUMMARY

Improvement in icing forecasts are required. It can be achieved by obtaining

a quantitative data base through development of airborne instruments to mea-

sure and transmit at least LWC and OAT. Changes are required in the defini-

tion of icing conditions.
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RECOMMENDATIONS

Develop, test, and implement airborne automated measuring systems that provide

quantitative values of LWC, OAT, and possibly Do. Initiate efforts within

the government to change the qualitative terms of icing conditions -- trace,

light, moderate, and severe -- into quantitative values.

Improve the icing forecasts on the basis of a critical review of current

forecast techniques and, as quantitative data becomes available, develop

improved forecast models utilizing this data.
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SUMMARY REPORT - SYSTEMS DEVELOPMENT COMMITTEE

Richard L. Kurkowski

NASA Ames Research Center

INTRODUCTION

The Systems Development Committee (hereinafter referred to as DEV) met with

the five other committees for one and one-half hour sessions in order to try

and determine the needs regarding the aircraft icing problem and then to sug,

gest ways to meet these needs. The objective of the DEV Committee was to

assess the adequacies of and deficiencies in icing knowledge as they pertain to

(i) Fixed wing or rotary wing ice tolerant design

(2) Ice warning and protection systems design

(3) Certification and simulation

(4) Piston and jet engine design with a view toward improving flight

safety, confidence, and operational reliability in icing conditions

There was no question that the main concern of the majority of the work-

shop attendees was the problem of operating rotorcraft safely in icing condi-

tions. The helicopter has been designed mainly for VFR operations. Now the

users (civil and military) are asking for icing operations certification, at

least to a "light" ice level. However, no certification regulations exist at

present for helicopters operating in icing conditions. The French have certi-

fied a helicopter for "all weather operations" using the fixed-wing FAR 25

Appendix C as their criteria. This approach may penalize the efficiency of the

system design. The anti-ice and deice systems must be designed for low weight,

low power, and low cost, especially for civil applications.

NEEDS

The deficiencies and needs were identified and prioritized by the DEV

Committee for various classes of aircraft: rotary wing, fixed-wing low speed,

high-performance fixed-wing transport, and high-performance fixed-wing military.
In decreasing order of importance the needs are as shown in table I for the

various aircraft classes.

As would be expected, there is quite a bit of repetition in the needs for

the various classes of aircraft, with slight differences in priorities and em-
phasis. The overall general needs can be summarized as follows:
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(I) A better definition of the icing environment

(2) Improved icing certification criteria

(3) Standardization of certification test procedures

(4) Improved facilities for research tests, development tests, and certi-
fication tests -- both ground based and airborne

(5) Improved instrumentation

(6) Improved analytical tools for system design

(7) Central point of aircraft icing expertise

The "bottom line" for all classes is the need for low cost, low weight, low
power, and highly reliable ice protection systems.

TECHNICALAPPROACH

For commercial jet transports, the needs have pretty well been met, and
accident records show only one fatal crash (due to pitot icing and false crew

instrument interpretation and control action). However, continued attention

and refinement must be given to the future designs of this class of aircraft.

Current icing problems relate mainly to the other classes of aircraft.

The DEV Committee interacting with the other committees attempted to deter-

mine the technical approaches which would help meet the needs described in the

preceeding section. In general, the systems which can be considered sensitive

to icing are the following: engine inlet induction system, propellors, rotors,

anti-torque rotors, wings, antennas, flight control system, wind screen, air

data system, fuel vents, and environmental systems.

Each system and each aircraft must be carefully considered in the design

stage if the aircraft is to be certified for "flight in known icing conditions,"

and appropriate tests performed to validate the design. Some general design

information can carry over from one aircraft to the other. But the broad ques-

tions are better definitions of the environment, standardized instrumentation,

improved analytical tools and certification requirements, data base for icing

design, and improved facilities. Technical approachs to some of the needs in

these general areas are now outlined.

General Design Area

En$ine inlet - induction system. - Work is needed for jet engine inlets,

especially under mixed icing conditions. Ice has been observed to form in the

high velocity portions of the inlet downstream of the heated inlet leading edge.

New, very high bypass rate engines, especially when operating in extended hold-

ing pattern circumstances, result in icing problems, and the designer needs to
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consider this. Aft-mounted engines are vulnerable to FOD(foreign object dam-
age) from ice shedding. Large-scale icing tests must be used to answer this
question. (Onegood argument for large-scale icing test wind tunnels.)

Induction icing, especially for general aviation aircraft with float-type
carburetors, is a serious problem. Potential solutions to the problem include
fuel additives, pressure carburetors, fuel injection, and automatic carburetor

heat system. Because of its low cost and high reliability (normally), manu-

facturers hesitate to do away with the float-type carburetor. Of all the possi-

ble remedies just mentioned, the fuel additive may be the cheapest reliable

solution if it is added at the refinery. Further work on this approach is re-

quired. For example, the sensitivity of engine and fuel system seals to new

additives must be carefully tested. (Industry, Government.)

Propellers. - Propeller deicing is the first deice system opted for by

general aviation owners. Adequate systems exist, but if new technology could

reduce the cost it would help to provide greater numbers of partially protected

aircraft. For new design composite propellers, the deice system should be an

integral part of the propeller giving a nice smooth propeller surface. Further

work in this area is required, both on the deice system and in materials re-

search. (Industry, NASA.)

Advanced propellers such as the Prop-Fan being tested for advanced turbo-

props is still an unknown as far as icing is concerned. Research and tests are

needed. (Industry, NASA.)

Rotor systems. - The sensitivity of rotor blades to icing is now well

enough known to provide data for efficient (low weight, low power, low cost)

designs of rotor deice or anti-ice systems. Large helicopters with large rotors

seem to be more tolerant. A detailed data base should be generated to allow

efficient designs to be made. Because of the lack of data, current approaches

to the problem have to be too conservative. Systematic research and tests of

systems in addition to electrothermal, such as microwave, should be conducted.

The test program as proposed by the Army Research and Technology Laboratory at

Fort Eustis is a recommended approach. (NASA, DOD, Industry.)

Definition of Environment

Recent data from MBB in Germany was discussed where values of liquid water

content (LWC) plotted against liquid water median droplet size and temperature

showed LWC values approximately twice as great as the old U.S. data. Resolu-

tion of this apparent conflict is required. (Instrumentation differences may

account for some of the difference.) Additional data should be gathered as is

planned by the United Kingdom. Atmospheric icing data will be obtained at

2500-foot increments from sea level to i0,000 feet and temperatures of +5 ° to

-30 ° C. The lateral and vertical extent of icing will be documented. More

programs of this type should be instituted. In addition to dedicated programs,

a wealth of data could be gathered by instrumenting some of the domestic and

international jet transport fleet. [Meteorological Office (U.K.), Industry,
FAA, NASA, DOD.)
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Certification

Certification criteria. - As noted earlier, there are no civil ice regula-

tions for rotorcraft. Civil helicopters have been certified in France using

fixed wing regulations (FAR 25, App. C) and testing. They feel that this is a

conservative approach. The United Kingdom is certifying its helicopters for

certain temperature and altitude bands, and this allows a "tailored" or partial

icing clearance approach. They validate their systems using ground-based facil-

ity testing and verification in natural icing flight tests. The FAA needs to

collaborate with France, England, and other countires to try and set a rational

set of regulations for helicopter icing certification. The FAA and DOD should

also work together, since their icing protection needs are similar.

Standardization. - The parameters used for aircraft design, certification,

and operations for icing conditions should be standardized. The suggested

parameters are temperature, liquid water content, extent, and droplet size,

although droplet size is probably not needed for operations. Certification

within different FAA regions should be standardized. This includes design re-

quirements, test procedures, and validation (demonstration) testing.

Analytical Tools and Data Base

The aircraft designer needs an improved data base and computer analysis

tools for icing system designs. An agency such as NASA is required to act as a

center for knowledge in the aircraft icing area, do basic research and testing,

and provide consultation to industry as needed. Techniques such as computer-

generated ice shapes and dry air testing of add-on ice shapes show great prom-

ise as research tools and should be carried on.

Instrumentation

Ice accretion and buildup. - Pilots of rotary wing aircraft are currently

using direct visual indications of ice rate and buildup (e.g., ice formations

on wind shield wipers, sponson ice _H-3)). In daytime conditions this is a

good indicator of fuselage ice conditions, but it does not tell the pilot any-

thing of the rotor blade ice condition. Onboard instrumentation is required of

ice rate, ice buildup, liquid water content, and temperature. Knowledge of

rotor ice buildup and rate is required. Improved accuracy of instruments is

also required, since the current accuracies are about 25 percent. (NASA, DOD,

Industry.)

Induction ice. - Current carburetor ice detectors are not reliable and

better systems are needed. Reliable readout of carburetor air temperature would

be helpful for present systems. (Industry.)
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Facilities

The designer would like to develop and prove system performance in ground-
based facilities such as wind tunnels before validating with full-scale flight
tests, either simulated (tanker/spray rig) or natural. The development and
certification testing in natural icing conditions is at best a frustrating and
costly experience. Therefore, techniques for simulating icing conditions will
continue to be required and improved. For inflight tanker - spray rigs, im-
provements are needed in droplet size control, cloud size, and duration. In

wind tunnels, a capability for full-scale icing tests is desirable.

The point was made that engine data are next to impossible to scale and

therefore full-scale engine tests are defintely required. (NASA, DOD, Industry.)

RELATED TECHNOLOGY ASSESSMENT

An earlier assessment of icing technology by the Society of Automotive

Engineers (SAE) was brought to the attention of the committee. The Statement

of Work proposed by an SAE panel covers many of the points brought out in the

present workshop. A copy of their report (dated May 1978) is included in this

report (appendix A). It does not have the emphasis on rotorcraft that the sub-

ject workshop had, but it does represent a good nucleus of the work effort

which should be carried out.
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SUMMARY REPORT - CIVIL OPERATIONS COMMITTEE

Lt. Col. Thomas C. West

Federal Aviation Administration

SUMMARY

During the deliberations of the Civil Operations Committee, the members

attempted to assess the impact of aircraft icing from an operations point of

view and identify areas of research which would improve operational viability.

It was generally agreed that major deficiencies exist in the area of helicopter

ice protection and that, from an economic standpoint, the general aviation

population is impeded by not having cost effective ice protection systems
capability.

INTRODUCTION

During the initial meetings of the Committee, the membership attempted to

define general mission requirements according to priority; identify the major

driving factor for each; and finally, consider whether or not a viable alterna-

tive existed for mission accomplishment. These mission requirements shown

below were addressed to the other committees during joint deliberations as a

frame of reference to underline the need for development of the icing technology
to serve the general aviation and helicopter population:

MISSION DRIVING FACTOR VIABLE ALTERNATIVE

Search and Rescue Saving Life None

Mercy Mission Saving Life None

Remote Site (Including

Offshore)

National Interests

Revenue
De lay/Cance i

Scheduled
Revenue Cancel/Delay/

Other Mode

Unscheduled Revenue Delay

Pleasure Morale Delay/Cancel

The general conclusion was drawn that forecasting capability in the area of

icing left much to be desired and required major effort to rectify. Finally,

an attempt was made to list aircraft systems and cogponents which are particu-

larly sensitive to ice accretion as candidates for research. They were as

follows: induction systems (particularly carburetors), propellers, wings,

antenna, flight controls, wind screen, air data systems, environmental control
systems, and fuel vents.
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As was true of all committees, the Civil Operations Committee interfaced
with the other committees during the 2-day period in an attempt to define tech-
nology or other deficiencies in the area of icing as it pertains to civil
operations. It was generally concluded that the advent of helicopter instrument
flight rules operations was the major driving factor from a technology stand-
point which has rekindled the current interest in icing research. This was not
to say that problems do not exist in the general aviation area. In fact_
considerable discussion related to carburetor icing with the current general
aviation engines. It was concluded that_ if cost was not a factor, the carbure-
tor icing problem would be resolved. The urgency in the helicopter area stems
from its formal entry into the icing meteorological conditions environment in
significant numbersand its proposed use in areas where icing will be a major
impeding factor. This is currently true in the North Seaoperations and will
becomet_ue with expanded operations off the East Coast of the United States and
in Alaska.

The conclusions of the Civil Operations Committeewere madein the form of
identifying deficiencies and an attempt to define research needs related thereto.
These are given below:

Deficiencies:

- Understanding of icing phenomenon on rotor systems far

from complete.

- Ability to define and forecast the environment hardly

an exact science.

- Regulations and criteria data vague and controversial

and nonexistent in rotary wing area.

- System and certification costs are high and prohibitive

in some cases.

- Communication across the functional communities from

the design engineer to the pilot is garbled, confusing.

Research Needs:

- Better understand sensitivity of rotor systems to ice:

Change in aerodynamic characteristics.

Autorotation capability.

- Redefine the low altitude icing envelope taking

maximum advantage of current data.

Devise a more comprehensive and responsive forecast

data acquisition, processing, and dissemination

system:

• Delete subjective definitions.
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• Add airborne observation.

• Take forecaster out of the decision
making process.

- Review regulations based on current technology:

• c rify.

• Update criteria.

" Develop regulatory and advisory

material to accommodate rotary

wing aircraft•

- Reduce systems costs for all aircraft through:

' Design improvement to include

induction systems.

" Investigation of other ice

protection techniques.

" Development and application of

simulation techniques and facili-

ties to conduct icing research and

certification.

- Devise a common objective language to be used by

all and a system which, by each aircraft, would

have its own icing flight envelope:

• Defined by the designer.

• Certified by the regulator.

" Used by the pilot in conjunction

with objective forecast to deter-

mine his own aircraft's icing

capability.

- Investigate the feasibility and applicability

of limited icing operations approval with

emphasis on air traffic control implications.

Included in the Committee report is a brief dissertation by Mr. Richard L.

Newman, a member of the Civil Operations Committee. In his forwarding letter,

Mr. Newman characterizes his comments as a "minority report." Quite the con-

trary to this characterization, I found his submission, for the most part, to

be supportive of the Committee report. More importantly, however, I found his

points well made and of distinct value to the Committee report. For this
contribution, I would like to express thanks to Mr. Newman on behalf of the

Committee. The following two pages include Mr. Newman's comments.
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The draft report for the Civil Operations Committeeof the Icing
Specialists' Workshopis misleading in its emphasis on ice protection for
rotary-wing aircraft. The problem for small, non-air carrier airplanes is very
severe. While muchof the research funding today is being spent on rotor ice
protection, we should not conclude that only helicopters need ice protection
research and development (R&D).

The problems of the small (less than 20,000 pound) airplanes are primarily
cost related; however, the state-of-the-art in ice protection for these air-
planes is 40 years out of date. Most airplanes in this weight class, including
several jets, still use pneumatic deicer boots. If they are to have adequate
capability to fly in icing conditions, more effective systems must be developed.
Boots are simply not very effective and also require considerable pilot skill
to be used properly. To quote Robert Buck, ". I've never seen a situation
where I couldn't have madeit without boots and most of the times I've turned
them on have been for amusement." (Weather Flying, p. 188)

The urgency to address both helicopter and small airplane operations from
an icing point of view comesfrom the upsurge of instrument flight rules (IFR)
operations. The helicopter is new to the icing meteorological conditions arena.
The small airplane, while not new to IFR flying, is being used more and more
for corporate, business, and scheduled transportation. Wecan no longer cate-
gorize the small airplane as "somedoctor in a Tripacer." The class of air-
planes that we are considering is sophisticated, expensive, and, in somecases,
turbine powered and pressurized. They need cost effective ice protection
systems.

The Committee's recommendationsshould include:

I. Partial Icin_ Certification. The operational implications of limited

(i. e., less than full Federal Aviation Regulation (FAR) 25) ice protection

certification should be evaluated. What will happen if aircraft are approved

for flight with less than full icing protection? The study should consider

dispatch rules, crew options, airborne instrumentation requirements, forecasting

improvements, air traffic control constraints, etc. While this has been talked

about mainly in terms of helicopters, it would also apply equally to fixed-wing

airplanes in non-scheduled service.

In conjunction with this evaluation, we must seek to answer the question

of what levels of icing severity are appropriate for the various types of air-

craft in terms of altitude and temperature limits, icing intensity, and geo-

graphical limits. The differences between commercial (FAR 121, 127, or 135) and

private operations (FAR 91 and 91, 9ubpart D) should be considered as well.

Any study of limited ice protection certification should examine the

record of British Airways' helicopters operating in the North Sea.

II. Ice Protection Development. The question here, put very simply, is

"Can inexpensive, effective ice protection systems be developed?" Admittedly,

the problems of rotating airfoils are quite different than for non-rotating

surfaces. Nevertheless, R&D in both areas must be carried out.
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The problems of ice protection for a rotor system (or for a propeller)
should be studied in somedetail to determine the mechanismof ice formation
and accretion, the penalties associated with ice formation, and the best means
of protecting the surface.

While the fixed-wing aircraft requires someadditional research in terms
of ice accretion, the primary effort here should be to determine the aerodynamic
penalties, then evaluate the tradeoffs for the various meansof ice protection:
boots, heated wings (from various sources of heat), icephobic coatings, deicing
fluids, etc. Studies of the best geometries to minimize the adherence of ice
and to minimize the aerodynamic penalties are required also. As was pointed
out, it is not always necessary to protect an airfoil; often, the most cost
effective ice protection is to have a design that tolerates ice (such as the
B-707 tail). These studies should consider both the incorporation of ice pro-
tection in the original design and as an add-on. Perhaps the popularity of
pneumatic boots stems from the ease of retrofit.

Onesubject that should not be passed over lightly is the idea of an
expendable anti-icing coating that could be applied just before flight in icing
conditions. Even if only a short duration of protection could be achieved, an
effective coating might be feasible for both rotary-wing and fixed-wing aircraft.

III. Forecasting. I am sure that all in attendance at the conference

would agree that prediction of icing leaves much to be desired. Certainly,

forecasting technology must be improved. To achieve this, the first step must

be to discard the obsolete icing definitions and replace them with, at first,

a crude estimate of the rate of accretion. One question that must be answered

is, "Will better pilot reports and airborne instrument packages (for calibrated

PIREPS) help provide useful feedback to improve the forecasting state-of-the-
art?"

IV. Pilot Education. The question was raised at the conference, "Do

pilots have adequate understanding of the physics of ice formation?" During

several informal discussions, members of the Committee felt that more meteorology

knowledge on the part of applicants for an instrument rating might be in order.

It was also suggested that educational materials might be able to help improve

pilot knowledge. One must be careful, however, not to seemingly encourage pilots
to fly in icing conditions.

V. Engine Induction System Icing. The subject was passed over by the

Committee with the consensus that it was a pilot education problem. However,

judging by the discussions of induction system icing accidents, this decision

by the Committee may have been unwise. Many inlet icing, ice ingestion, or

carburetor ice accidents were discussed. I submit that further research is

needed, not merely passing off the problem as "pilot error." This problem

applies across the board to all aircraft: light airplanes, jet transports,

and helicopters.
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SUMMARYREPORT- MILITARYOPERATIONSCOMMITTEE

Lt. Col. GeorgeW. Sibert
U.S. Army, HDQA,DAMA-WSA

OBJECTIVE

The first task was to define the objective of the Military Operations
Committee. The following statement representes the concensus after considering

at least'15 individual assessments of the objective: "To define the operation-

al environment of various military aircraft with a view toward identifying ice

protection systems (complete or partial) required to insure mission accomplish-

ment." The key portions of the stated objective are operational environment

and mission accomplishment.

OPERATIONAL ENVIRONMENT

The committee, recognizing its limitations to define the environment in

meterological terms, defined the operational environment geographically as the

NATO theater of operations, chiefly central Europe and the North Sea. The def-

inition was next addressed in operational parameters as follows:

Army and Air Force missions: from the surface to 500 feet above ground

level for wartime and surface to I0,000 feet AGL in peacetime

Navy missions: from sea level to I0,000 feet AGL for both war and peace-
time missions

The Military Operations Committee recognized the need for meteorological

data to describe this operational environment in terms useful to researchers

and developers working on ice protection systems and to the military operators

and decisionmakers called on to operate there in peacetime or fly there in

war. This subject was discussed at length with both the Meteorological Re-

search and Icing Forecasting Committees. Other operational environments were

considered in light of the military justice term "lesser included offenses."

Obviously, the U.S. Army, Navy, Air Force, Marine Corps, and Coast Guard are

called on to fly in a wide variety of climatic conditions throughout the conti-

nental United States and throughout the world. The U.S. policy highlights the

role of NATO first. From an ice-protection viewpoint, central Europe and the

North Sea environmental conditions are considered extreme enough that success-

ful operation there in icing conditions should permit winter military operations

in a wide geographic area of the world.
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MISSIONS

The military missions are wide ranging, in fact, virtually without limit
other than one's imagination. The committee chose the following three as key
to NATOoperations:

Anti-tank
Search and rescue
Anti-submarine warfare (ASW)

Again the technique of "lesser included offenses" was used. For helicop-
ter operations, the chief interest of the committee, the three missions repre-
sent both the most important and most difficult for the Army and Marines, Air
Force, Coast Guard, and Navy, respectively. The first two missions provide the
wartime operational envelope of surface to 500 feet AGL. The third mission
provides the Navy operational envelope of sea level to i0,000 feet AGL.

HIGHLIGHTSOFWORKSHOPSESSIONSWITHOTHERCOMMITTEES

The Military Operations Committeemet with each of the other five con_nit-
tees. The highlights, at least from the military viewpoint, are now presented
in the order in which the two-committee workshops occurred.

System DevelopmentCommittee

The two most important systems to be developed and fielded on miliary
helicopters are ice detection and rotor blade ice protection. The systems de-
velopers are working in both technological areas and are aware of the military
requirements to keep the performance penalties (weight, size, power require-
ments, etc.) extremely low to insure that ice protection does not degrade the
helicopter's role in mission accomplishment. There is a clear role for NASA in

developing these technologies as well as a clear role for the military services

to cooperate with NASA and one another in the engineering development and field-

ing of systems which respond to stated military requirements. The U.S. Army

developments such as the electrothermally heated blades for the UH-60 BLACK

HAWK and AH-64 Advanced Attack Helicopter and the UH-I partial ice protection

kit were discussed. One can neither view these developments, excellent as they

are, as the complete answer nor can one ignore the current helicopter fleets of

the military services. There is much work to be done in systems development.

Meteorological Research Committee

The key point discussed with this committee is the need for climatology

data in the NATO theater. The climatology data must reflect such parameters

as liquid water content, air temperature, and droplet size along with the fre-

quency or probability of occurrence. These data are essential to both the sys-

tems developers and the military requirements writers. There is no ice protec-
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tion system which has zero performance penalties associated with it. The mili-

tary decisionmaker needs the climatology data against which to consider the

performance penalties and determine the enhancement of mission accomplishment

through ice protection. The Military Operations Committee was gratified to

learn of the United Kingdom Meteorological Office study to collect such valu-
able meteorological data.

The work of two NATO panels under the NATO Army Armaments Group was noted.

AC/225(Panel X), Interservice Group on Air Vehicles for Tactical Air Mobility,

established a Subgroup on Helicopter Icing. The United Kingdom is hosting the

Subgroup Symposium on Helicopter Icing in London on November 6-7, 1978. The

second panel involved is AC/225(Panel XII), the Meteorological Panel. Panel XII

is working on gathering meteorological data in central Europe to be provided to
Panel X.

Icing Forecasting Committee

The Forecasters readily acknowledged that icing forecasts had no____timproved
in the last decade. Within the United States, the Federal Aviation Administra-

tion (FAA) is improving the automated systems so they will provide more rapid
information to aircrew members.

The need for automated observation instrumentation for icing and other

weather factors was agreed on by both committees. A parallel need for onboard

instrumentation to provide automatic readouts to replace the highly subjective

pilot's report (PIREP) was supported enthusiastically by both forecasters and
military operators.

The future of icing forecasts lies in providing quantitative information

such as temperature and liquid water content in a probabilistic way so that the

operator becomes the decisionmaker rather than the forecaster. Such quantita-

tive/probabilistic forecasts are necessary for pilots, systems designers, and
military commanders.

Icing Research and Facilities Cor_nittee

The Facilities Committee started this joint session with a summary of its

three prior meetings by addressing such topics as the need for improved fore-

casts, use of partial ice protection systems, certification requirements, new

designs for small or low performance aircraft (as compared to high performance

transport aircraft), the problems associated with searching for natural ice in

systems development and testing, and the needs in research technologies and
facilities.

The research needs included such topics as the lack of a clear role for

NASA, its corollary need of a focal point in aircraft icing research, updated

technology, standardization requirements, correlation of diverse data, redefini-

tion of the atmosphere for meteorologists and systems developers, instrumenta-

tion requirements, importance of onboard ice detection, and the need to under-

stand the physics of icing and mixed icing conditions.
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The facilities envisioned by both groups included a larger tunnel to per-
mit full-scale testing and assist in the problems of scaling associated with
current tunnels. Both groups endorsed the requirement for a transonic tunnel,
especially useful for work on the outer portions of rotors.

The existing tanker aircraft with inflight spray rigs were discussed. The
problems associated with the often futile search for natural ice in flight test-

ing highlights the requirement for inflight systems which produce artificial

ice. Improved inflight systems are needed to support research, systems develop-

ment, and flight certification.

There was an overwhelming consensus that NASA should take the lead in the

United States to provide the required facilities and assume its proper role as

focal point in aircraft icing research.

Civil Operations Committee

The Civil Operations Committee led off with a summary of its operational

mission requirements: search and rescue, mercy missions, remote site operations

(off-shore exploration or geological survey), scheduled and nonscheduled pas-

senger - freight missions, and pleasure flyers. It also concurred with the

Military and Forecasters Committees in the need for improvements in icing fore-

casts.

The two groups discussed the differences and similarities in operation.

Consensus was strong in the following areas:

(i) The FAA should make better use of U.S. military data - technology de-

velopments in ice protection systems.

(2) The FAA should use military and civil data from other countries to

assist in certification actions by FAA.

(3) Better military-civil information exchange is imperative.

(4) Better international information exchange is needed.

SUMMARY

The Military Operations Conm_ittee stated its objective as follows: "To de-

fine the operational environment of various military aircraft with a view toward

identifying ice protection systems (complete or partial) required to insure

mission accomplishment." The key portions are operational environment and mis-

sion accomplishment.

The operational environment is the NATO theater of operations, chiefly

central Europe and the North Sea. The three helicopter missions key to NATO

are anti-tank warfare, search and rescue operations, and anti-submarine war-

fare. From these three missions the following operational parameters were de-
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rived: Army and Air Force operations from the surface to 500 feet AGLin war-
time and surface to 10,000 feet AGL in peacetime, and Navy operations from sea

level to i0,000 feet AGL in both war and peace.

Without sun_narizing the five meetings with the other committees, it is

correct to highlight the one thread common to all sessions -- there is a clear

role for NASA in the area of aircraft ice protection technology, especially as

such technology is related to helicopters. This focal point role for NASA is

evident in the research facilities requirements.

In the NATO arena the Military Operations Committee was pleased to learn

of the work being done by the United Kingdom Meteorological Office. The Novem-

ber 6-7, 1978, Helicopter Icing Symposium in London hosted by the United King-

dom under the auspices of AC/225 (Panel X), Interservice Group on Air Vehicles

for Tactical Air Mobility and its Subgroup on Helicopter Icing, promises to

provide an excellent exchange of information among NATO members in a field

critical to insuring combat success.

RECOMMENDATIONS

Intergovernmental cooperation is required to implement most of the follow-

ing recommendations. This need was articulated well by Richard Adams in his

keynote remarks. The problems are great, the funding resources are not, and

cooperation is imperative.

i. The two most important systems under development for military helicop-

ters are ice detection and rotor blade ice protection. The U.S. Army is work-

ing in both technological areas; however, there is a clear role for NASA.

2. Climatology data for the NATO theater of operations are needed for sys-

tems development work and military planning and operations. This area requires

international cooperation. Preliminary efforts are underway through the NATO

Army Armaments Group, AC/225 (Panel X), and AC/225 (Panel XII). AGARD involve-

ment is under consideration.

3. Automated weather observation instrumentation and onboard instrumenta-

tion with automatic pilot and ground forecaster readouts are needed to improve

icing forecasting.

4. Icing research and facilities is the area needing greater NASA involve-

ment and direction. In the previous Icing Research and Facilities Committee

section specific facility needs were addressed; however, this area is too im-

portant for such cavalier treatment. NASA is encouraged to give this area

further study and support so that these critical facilities be developed expe-

ditiously.

5. Communcations among the many interested parties must be improved.

NASA is to be con_nended for this NASA Lewis workshop with its government, in-

dustry, and foreign participants. NASA's role as the leader in providing

needed information exchange must be strengthened.
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SUMMARY REPORT - ICING RESEARCH AND FACILITIES COMMITTEE

Milton A. Beheim

NASA Lewis Research Center

INTRODUCTION

During the 1940's and early 1950's, a fairly active icing research
activity in the United States produced many of the tools being used today to
provide aircraft ice protection. For example: I) flight test programs were
used to define a "national icing environment" which is the basis for current
design criteria and flight worthiness regulations, 2) an icing research
wind tunnel was developed at NASA/Lewis (which is still the largest tunnel
with icing capabilities in the United States) and is still used extensively
for certification purposes, 3) an icing research program was executed
which defined the physics of ice formation in sufficient detail that the

important parameters were identified and simple analytical procedures were
verified, and 4) ice protection concepts were evolved based principally on
mechanical devices and on thermal devices employing heated air or electric
resistance heaters.

With the advent of turbine transport aircraft, relatively large
quantities of heated, high pressure air were readily available and rapid
progress was made in achieving satisfactory solutions to the icing problems.
The government research role declined rapidly in the late 1950's while the

principle aircraft companies developed increasingly sophisticated experimental
and analytical methods to achieve certification of the new generation of jet
powered transport aircraft. These newer techniques were generally limited in
scope however to specific configurations which were of interest for certifi-
cation. With this class of aircraft, continuing efforts are being made to
minimize the amount of icing protection that is required, thereby minimizing
initial cost and operating expense. Consequently, more precise definitions
of natural icing conditions and improved test facilities are needed to de-
crease these costs and the costs of certification.

In recent years there has been a growing interest in achieving all-
weather capability for entirely different types of aircraft such as rotorcraft,
general aviation, and cruise missiles. These aircraft have different types
of power plants than the CTOL transports and large quantities of heated air
are not readily available. Hence, ice protection can be much more difficult
to achieve and alternate methods are sought. Further into the future this
interest in icing protection will be broadened to include VTOL and supersonic
civil aircraft. Consequently the configurations of practical interest go far
beyond those which were ever envisioned during the icing research program of
the 1940's and early 50's. For example, new air foil shapes and high lift
devices, new inlet and fan configurations, rotor and propeller geometries,
and new materials and structural concepts.
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In view of this increasing need for improved icing research and facil-
ities, the committee members addressed the principle issues with a great deal
of enthusiasm. Chances for success appear particularly good because of the
significant advances already achieved in other related fields such as compu-
tational methods, instrumentation, and experimental techniques during the
past several years. It was noted that the SAE AC-9 Committee had established
a panel dealing with aircraft icing research in 1972 and a final report was
completed early in 1978. Since those recommendations were of obvious in-
terest to the present committee, copies of the report were distributed and
is appended to this summary (Appendix A).

GENERAL OBSERVATIONS

The committee expressed unanimous concern for inconsistencies in rules,
regulations, design criteria, and definitions of terms. Some examples are
cited in reference I. In some extreme cases it even results in the require-
ment to certify icing protection for flight conditions beyond the flight
envelope that can be achieved with the aircraft and for atmospheric con-
ditions which cannot physically exist. These inconsistencies can cause ex-
cessive costs and development time, and in some cases may even aggravate the
hazards of flight. Many problems could be alleviated if partial certification
was permitted for less severe icing conditions. However, it may then be
necessary to upgrade forecasting techniques to provide quantitative information
particularly on liquid water content.

In civil aviation the icing problem is regarded as being particularly
severe for small aircraft not only in terms of weight and performance
penalties for ice protection systems, but also in terms of its sensitivity to
ice accretion during flight. In fact, the observation was made that it is
quite possible that the aircraft aerodynamic design may require specific
modifications to minimize this sensitivity. In military aviation the U. S.
Army has made significant progress in recent years to provide icing protection
for rotorcraft but faces serious funding limitations for further research.
The Air Force has a growing interest in icing protection for attack aircraft,
and both services share a growing interest in cruise missile protection.

All groups expressed great frustration in attempts to search for natural
icing conditions to verify the adequacy of specific aircraft ice protection
systems. The cost has proved to be so large (up to $50,000 a flight hour)
that only limited objectives can be achieved by this means. The flight tests
can insure that something was not overlooked, but the system performance must
be evaluated elsewhere such as with analysis, icing wind tunnels, and/or icing
tanker aircraft.

The participation of several visitors from other countries was an im-
portant contribution to the committee's deliberations. Not only did it pro-
vide evidence of a widespread interest in the icing problem, but it also
provided a basis for future coordination and cooperation. In particular it
was evident that: I) a significant and well planned effort in icing research
has already been initiated in the United Kingdom, 2) France is operating an
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unusually large wind tunnel with icing capabilities, and 3) Sweden is suf-
fuciently concerned with aircraft accidents caused by icing that exploratory
studies have been initiated.

RESEARCH RECOMMENDATIONS

NASA's Role

A NASA role exists in the icing problem just as it does in other areas of
aeronautical research. It particularly is obvious that portions of the
technology being employed is outdated, that some means to achieve standardi-
zation must be achieved, and that a focus must be developed to tie together
the diverse activities of the industry and other government agencies. An
additional effort is required to provide correlations of results from a
variety of sources to achieve as much generalization as possible. These
functions have been provided by NASA in many other disciplines and icing
needs it too. Another traditional NASA function that is needed in icing
research is to disseminate information so that it can be shared by all users,
thereby minimizing wasted effort to duplicate other researcher's results.
This dissemination is needed through reports, bibliographies, and conferences.
Although there are additional icing problems which are outside of NASA's
jurisdiction such as in certification and forecasting, NASA may be able to

provide a third party service to the other participants in facilitating
solutions.

Natural Icing Environment

Although a rather extensive flight program occurred in the 1940's and
early 1950's to define the natural icing environment, the committee recommends
a redefinition of the icing atmosphere for several reasons: a) the old data
are presently extrapolated to an accuracy that is not justifiable because the
data base is too limited; b) the old data does not cover a wide enough
flight corridor and consequently is extrapolated to low and high altitudes
in such a manner that physically impossible conditions can exist; c) instru-
mentation and data analysis methods have advanced sufficiently that there
is doubt regarding the accuracy of the old data; d) knowledge of atmospheric
physics has advanced to such a point that it now can provide a useful tool
in the conduct of a renewed flight program.

Preparations are underway already in the United Kingdom for such a
flight program and a careful evaluation of instrumentation concepts is nearing
completion. It would be important to maintain liaison with this effort since
the icing environment has global variations that need to be considered in
atmospheric modeling. In addition it could aid in achieving broader standard-
ization of criteria and experimental techniques.
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Physics of Process

Although the fundamental aspects of ice accretion are fairly well known,
there are special situations requiring further study. In particular the
effects of varying amounts of supercooling are not clear, and the effects of
mixed conditions (of ice and supercooled water) are not well defined. It was
commented that the significance of these effects may vary depending upon the
aircraft component in question; e.g., inlets vs. wings. Neither effect is
presently controlled in artificial icing test facilities.

Correlations of Natural vs. Artificial Ice

It is important that confidence be developed in test methods using
artificial ice formations. Opinions were divided on this point: one view
was that some ice formations occurring with artificial ice are never seen
in flight, and the other view was that excellent agreement exists in comparing
ice formations provided that the conditions causing ice to form are truly
identical. An apparent lack of correlation may result from inaccurate measure-
ments of the atmospheric icing parameters, from the time varying nature of
natural icing conditions, or from an inability to accurately record the shape
and density parameters of the naturally accreted ice formations. In general,
it was agreed that further correlations would be valuable, particularly for
the new geometries of emerging interest discussed in the Introduction.

Criteria for Simulated Ice

Important progress has been achieved in recent years in using simulated
ice (plastics and fiberglass) to assess the need for icing protection of
specific aircraft components (c.f., reference 2). The potential exists that
these techniques could be generalized and their use extended to a variety of
additional circumstances besides those studied to date. The committee felt
that further refinement could provide an important tool for future aircraft

design and certification.

Instrumentation

Although significant advances in instrumentation techniques have already
occurred, accepted methods of measurement still differ by as much as 25% in
determining basic parameters such as liquid water content in ground test
facilities. The problem is even more difficult in flight installations
because of space and cost constraints. In either case real time readout was
regarded as essential because of the strong sensitivity of ice accretion to
small changes in artificial icing test variables and because of the time
dependency of the natural icing environment. A research and development
effort in this area was strongly endorsed by the committee and was generally
regarded to be of such fundamental importance that it merited top priority.
The United Kingdom has already initiated work of this nature. Several people
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also expressed the view that newly emerging instrumentation concepts such as
those based on laser technology may prove valuable for this application and
additional support was desirable.

Computational Methods

One of the most difficult aspects of applying analytical methods to icing
calculations is the fluid mechanics part of the problem. The other aspects
are the particle trajectories, the heat transfer effects, and the phase
changes. The large aircraft companies have already developed sophisticated
means of analysis but their availability is not widespread, particuarly for
the general aviation industry, In view of the recent progress achieved in com-
putational fluid mechanics, even further improvements in analysis could be
developed and the committee was enthusiastic that renewed efforts would have
a good chance of success in providing more accurate predictive and design
methods. Such an effort to improve existing methods and increase their
availability was strongly endorsed.

New Deicing Methods

The most common means of ice protection at the present time is by means
of heated high pressure air. Although an interest exists in providing
additional refinement of this method, principal research interest is directed
to electrothermal methods, to icephobic materials, and to microwave and
electroimpulse techniques. This shift in emphasis results because the
penalties of using hot air are too large for some aircraft types and these
other means of ice protection may prove to be more useable with sufficient
development effort. The U. S. Army has been particularly progressive in its
support of advanced concepts, but the recent decline in financial resources
is resulting in a terminatiQn of the effort.

FACILITY RECOMMENDATIONS

Existing Ground Test Facilities

In the United States the largest icing wind tunnel is located at NASA/
Lewis. It was put into operation in the early 1940's and the spray system was
modified in the early 1950's. Subsequent work has shown that the icing con-
ditions of the tunnel properly represent a portion of the flight environment
but do not duplicate the extreme values of drop size and liquid water content
which are of interest for certification and research purposes. In addition
to extending the spray system capabilities, more modern instrumentation with
real time data displays were recommended. Since the tunnel is limited to
sea level operation, high altitude conditions must be simulated by using
unnatural icing spray conditions. The validity of this technique is not
verified, and the limits in spray system capabilities restrict the flight
corridor that can be simulated. It was repeatedly observed that the size
limitations of the test section (6' x 9') were a serious constraint for
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certification purposes and for research on rotating components (e.g., props
and rotors). There are applications where a higher speed range (above 300
knots) would also be needed.

It was noted that engine icing test facilities in the United States have
generally been kept in a more modern state of operation than the icing wind
tunnel.

Future Ground Test Facilities

There was general agreement that it is desirable to have a much larger
icing wind tunnel with a greater speed range than presently available. A
variable altitude capability is desired. Preliminary thoughts regarding the
rehabilitation of the Lewis Altitude Wind Tunnel (with 20' and 45' test
sections) and a modification of the Ames 40' x 80' Tunnel to meet some of
these objectives were described. The committee expressed an interest in both
concepts.

Because of the high costs that are inherent in construction of a very
large icing wind tunnel, interest was expressed in exploring unconventional
concepts to achieve a similar capability. One such approach to achieving a
large ground test icing facility was described which is based on using the
large environmental facility at Eglund. Fans are required to provide a
directed air flow in what is normally a static test facility. Some questions
were raised regarding the drive power requirement, but additional study
seemed justified.

Again, it was noted that engine icing test facilities are already pro-
ceeding to larger sizes. In particular the large new ASTF which will be
located at AEDC in Tennessee has this capability.

Flight Test Facilities

Over the years a variety of different tanker type aircraft have been
developed to provide a water spray at altitude which then creates an
artificial icing environment for the test aircraft. These tanker aircraft
include jet and prop powered large aircraft, large helicopters, and small
general aviation aircraft. Costs of operating these tanker aircraft vary
from $200 to $4000 per flight hour. Some views were expressed that these
flight facilities were oversold and actually the spray zone was too limited
in size and inadequate in uniformity and in range of drop size and liquid
water content. The opposing views were also presented that the test con-
ditions were adequate and offered capabilities in complete system testing
that could not be matched in ground facilities. There was general agreement
however that the task of each type of facility was complementary to the
other and both were needed. Additional effort was regarded as necessary to
define the limits of each technique so that future efforts in improving these
facilities could be properly directed and their relative merits could be
delineated.
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One of the problems identified with the present stable of icing tankers
in the United States is that their availability is more limited by organiza-
tional and jurisdictional boundaries than are the ground test facilities.
For example, a well developed and proven tanker aircraft operated by one
branch of the military service may not be readily available for use by other
government agencies or the civil industry.

SUMMARY

The committee attempted to prioritize the various reconTnendations.
The results were as follows:

Research

I. Develop improved instrumentation/measurement techniques

2. Re-evaluate atmosphere and design criteria

3. Improve and verify simulation/extrapolation/similitude techniques

4. Achieve improved analytical methods

5. Advance methods for accretion modeling - artificial/simulated

6. Develop improved ice protection concepts

Facilities

I. Provide tradeoffs and standardization criteria for ground test
and flight

2. Modernize and upgrade current equipment - ground test and flight

3. Increase size of test facilities - explore unconventional concepts

4. Broaden availability of flight equipment

Particularly in the research area, it was noted that there was not a big
spread in relative importance of any of the items. The thrust of the entire
effort is to achieve the 6th item--ice protection concepts. The other items
are listed before it, however, because they are necessary steps to arrive
at that ultimate objective.
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APPENDIXA Rev. A
May 1978

AIRCRAFT ICING RESEARCH PANEL REPORT TO SAE AC-9 COMMITTEF

(AIRCRAFT ENVIRONMENTAL CONTROL SYSTEM,S1 _{A'Y 1978"

BACKGROUND

At the SAE AC-9 committee meeting #16 in Dallas, (Oct. 18-20, 1972) a
decision was made to set up a panel to investigate the state-of-the-art
in Ice Accretion Prediction methods and to define to the committee, and
the aerospace industry in general, the deficiencies in Technology. It
was anticipated that any recommendations as to the need for further
research would then be referred to appropriate industry or governmental
agencies for sponsorship.

The panel was subsequently constituted under the chairmanship of Mr. V. K.
Rajpaul of The Boeing Aerospace Co. Seattle, Wa. Membership of the panel,
representing a wide cross-section of aircraft industry, consisted of the
fol lowing:

Mr. D. P. Howlett - Hawker Siddely Aviation, England
Mr. G. C. Letton Jr. - ASD/ENJPC - Air Force Systems Command
Mr. J. B. Werner - Lockheed California Co., Burbank, Calif.
Mr. J. S. Perlee - McDonnell-Douglas, Long Beach, Calif.
Mr. R. G. Smith - Boeing Vertol Co., Philadelphia, Pa.
Mr. F. R. Weiner - Rockwell International, Los Angeles, Calif.

Mr. J. B. Werner replaced Mr. W. W. Merrill of Lockheed, California who
was one of the original members and subsequently resigned due to retire-
ment from Lockheed. Other SAE AC-9 members who periodically participated
in the deliberations of the panel include:

Mr. J. R. Anglesio
Mr. Porter Chadick
Mr. J. H. Wivell

- Avions Marcel Dassault, France
- Boeing-Wichita

- British Airways - England

SCOPE

The panel was delegated to define and recommend areas of Icing technology,
as related to military, commercial and general aviation, where further

research was required. The panel was also required to recommend the

most suitable means of implementing this research plan so that the

results would not only fulfill the technology needs for future but also

make the results known in the public domain. In addition, it was ex-

pected that a certain level of uniformity in methods of analysis, test

and design evaluation would be evolved from this program for the general

use of aerospace industry. The recommendations made in a paper presented
to SAE AC-9 committee, ref. l, were to serve as a baseline from which
the panel would proceed in its deliberations.

*Reprinted with permission of SAE Headquarters, Warrendale, Pennsylvania.
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PANEL PROCEEDINGS

Several meetings were held by the panel members to discuss the technical

and funding sponsorship problems related to icing research. In addition

a survey was made of the members to obtain written recommendations and/or

a statement of work representing each members view as to the critical gaps

in technology and approach to obtaining the solutions. These inputs from

the members were thoroughly discussed and the recommendations in the

following paragraph of this report represent a summary of opinions

expressed in the panel deliberations.

CONCLUSIONS

l .

,

.

.

°

A review of literature on Icing technology reveals that there has

hardly been any significant contribution or advancement since the

NACA work in the 1950's. Figure l illustrates a distribution of

significant papers or reports published in the 1940-1970 period.

Most of the work in the 1950's was on unswept airfoils using 2-

dimensional flow theory. It was concerned with basic water droplet

impingement and heat transfer relationships. Ref. 2 is a good summary

and design data book based on the research during the 1950's.

The aircraft technology of the 1965-1985 period is significantly

different in terms of design and operational factors from the tech-

nology of 1950's so that extrapolation of published data and tech-

niques can lead to over-design or over-risk situations. For in-

stance, existing methods do not allow accurate prediction of size,

shape or location of ice accretions on swept wings, high lift or

noise treatment devices, advanced airfoils, variable geometry or

2-dimensional supersonic inlets, or shedding characteristics. Nor

is there enough data to predict effects of changed operational

procedures such as long hold periods in air traffic patterns, or
low level military missions.

The gaps in data base and verified analytical methods to predict size,

shape, location, and effect of ice accretions on flight surfaces

exist equally for all significant categories of aviation - rotary

winged vehicles, combat airplanes, commercial V/STOL and CTOL air-

planes and general aviation.

Improved techniques for analysis, verified by test, will lead to

significant benefits in terms of:

o more accurate drag and stability estimates

o less landing weight penalties for short/medium range airplanes

o realistic anti-icing or de-icing system trade-offs

o greater safety and operational flexibility in adverse weather

operation

o lower airplane development costs

o improved flight safety
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RECOMMENDATIONS

l , The Icing Research Panel recommends that the SAE AC-9 Committee

solicit support of the general SAE organization to approach several
governmental agencies with a specific program of icing research for
their sponsorship, either jointly or singly. The most suitable
agencies for sponsoring research in this technology are:

a) Department of Transportation
o Federal Aviation Administration

b) Department of Defense

o Aeronautical Systems Division- AFSC
o Air Force Flight Dynamics Laboratory
o Air Force Aero Propulsion Laboratory
o U. S. Army- (Air Mobility R&D Lab Fort Eustis)
o Naval Air Systems Command

c) NASA

o Langley Research Center
o Lewis Research Center

. A research program similar to that outlined in attachment I would be
a good basis from which specific work packages could be evolved
dealing with needs of the various categories of users of the results
of this research. The cost is difficult to predict due to many
variables, but can vary between an estimated I/2 million to 2

million in 1975 dollars depending on sizes of the work packages.

o Due to the industry wide need for generalized and verified methods
and the cost, a government sponsorship of research is preferable
to that of a single or group of aerospace companies.

FUTURE WORK FOR THE ICING RESEARCH PANEL

The Icing Research panel should be kept active only up to the point that
the SAE recommendations to the government sponsoring agencies have been
made and their follow up enquiries satisfied. This should not take more
that one year as a good guess.

May 7, 1975

Rev May 1978

Submi tt_c_ by/'/

Vinod K. Rajpaul, Chairman

Icing Research Panel
SAE AC-9 Committee

Ref's. I) "Research in Ice Accretion Prediction Methods," V. K. Rajpaul,
paper presented at SAE AC-9 Committee Meeting #16, Dallas, Texas,
Oct. 19, 1972.

2) "Engineering Summary of Airframe Icing Technical Data," D. T.
Bowden, A. E. Gensemer, and C. A. Skeen, FAA ADS-4, 1964.
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STATEMENT OF WORK

FOR

SAE RECOMMENDED ICING RESEARCH

INTRODUCTION

_Icing environments and icing effects on modern aircraft including the next
generation are, to a great extent, unknown due to inadequacies of presently
known meteorological data and effects of ice on lift, drag, stability,
engine performance, and ingestion. Problem areas can be identified
specifically with respect to four modes of operation, as follows:

a. Enroute flight in icing conditions at low altitude associated
with aircraft whose primary missions occur at low altitude.

b. Loiter and landing in icing conditions for all aircraft.

c. Ground operation in high dewpoint conditions near icing tem-
peratures for aircraft having high velocity engine inlets.

d. Takeoff operation for aircraft unusually sensitive to icing at
takeoff such as V/STOL's.

Due to the critical nature of airfoil aerodynamics during the landing
phases of an aircraft's mission, which directly affects landing safety,
the nature (shape, size, porosity, etc.) of ice formations is an impor-
tant consideration. However, data on ice accretion for advanced air-

foils (including supercritical) and with large sweep angles are lacking.
Engine ice ingestion from ice catch and subsequent shedding from leading
edges of air inlets or other forward areas of an aircraft may involve an
important safety consideration, considering the possible engine damage
potentials and inability to wave-off or go-around if required. Range
may be decreased and mission completion capability may be considerably
compromised by the presence of unknown quantities of ice on airfoil and
engine inlet leading edges.

Very little information currently exists relating meteorological conditions
with horizontal extent of icing. No data exist at all for ground or low
level (under 2000 ft) icing conditions which are the most critical for
airplane safety during landing; sea level or ground cloud liquid-water
content is virtually unknown. What kind of icing does high ground
humidity cause? What are its icing effects on an aircraft windshield,
wing, tail, and engine inlet and duct? Accidents have occurred due to

ground fog icing of an engine, unknown to the pilot. The sensitivity of
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an engine duct to icing caused by air expansion down the duct is
peculiar to each airplane; ice distribution down an engine duct has never
been adequately identified nor studied.

The need for further work in the area of aircraft icing is the result of
the desire by both users and manufacturers to minimize ice protection
provisions on new aircraft. This desire stems from the complexity,
weight penalty, and maintenance problems associated with ice protection
systems. The first step taken towards reducing aircraft ice protection
provisions was the elimination of wing and tail surface ice protection.
The latest trend now is to also eliminate engine inlet ice protection.
The elimination of these ice protection provisions requires proof that
ice accretion on these surfaces will not jeopardize performance or flight

safety. Presently available data and analytical methods are not con-
sidered adequate for accurately and rapidly predicting early in the
aircraft design phase the need/non-need for ice protection provisions
on all types of flight surfaces and engine inlets or for all types of
missions and aircraft. As a result, it is necessary to wait until
hardware is available and testing can be conducted to determine the
real need for ice protection. This necessitates delaying the decision
on ice protection provisions until late in the aircraft development pro-
gram when system design correction possibilities are limited and any
major system changes are expensive.

OBJECTIVE

The objective of further work would be to develop a method, which would
be available to and recognized by all of industry and government, for
rapidly and accurately determining analytically whether ice protection
provisions are required for engine inlets and flight surfaces for all
types of aircraft and missions.

WORK EFFORT

To accomplish the objective of this program, the following major areas
of work will be required:

l • Conduct a survey of industry, government and literature and com-
pile all available data on ice accretion, ice shedding, icing
probabilities, and meteorological icing conditions and accident
or incidents due to icing. In addition, all currently used
methods by industry for ice accretion prediction, ice shedding
prediction, icing probability prediction and. determining effects
of icing on aircraft operation should be ascertained. All data
obtained during the survey should be reviewed and a determination
should be made as to where more data are required. Particular
emphasis should be given to the need for more meteorological
icing data for low altitudes (sea level to 4,000 ft.) and for
altitudes above 22,000 ft.
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Although some ice accretion data have been developed in icing
tunnels at sea levels, methods are required for extrapolation to
altitude.

Develop spray nozzles to generate realistic drop sizes (20-25#v)
for icing and spray tanker aircraft. Develop an accurate and con-

venient droplet size measuring device suitable for use in flight
tests.

Investigate ice accreti;on and resulting ice shapes for (I) swept air-

foils with sharp and blunt leading edges, (2) straight and swept

airfoils with extremely large leading edge radius, and breakoff from

their fillet or blending area and entering engines, (3) sharp
leading edges of engine inlets.

Develop methods to estimate rate of blockage of auxiliary inlets and

vents since very little information exists.

Investigate ice shedding characteristics of straight and swept

engine inlets. Determine by tests the sizes and weights of shed
pieces of ice, including ice off a fuselage side. Determine ice

trajectories from surfaces ahead of an engine.

Establish requirements for upgrading engine ingestion capabilities.

Conduct preliminary trade studies of upgraded engine vs inlet anti-

icing provisions. Recommend engine companies develop a program on
this subject.

Correlate existing model scaling parameters against existing test

data and generate new test data as required (i.e. several airfoil
sizes of the same shape).

Develop a complete generalized analytical model for ice accretion

and ice shedding as a function of time for all altitudes and tem-

peratures associated with icing, for fixed and rotary winged aircraft.
Check validity of the computer program.

Develop new icing protection techniques to reduce cost and weight,
especially for general aviation purposes.

Prepare a manual which defines the procedure and computer programs

required for determining the need/non-need for ice protection on

engine inlets and flight surfaces for all types of aircraft and
missions.
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PROGRAM BENEFITS

The analytical procedure developed as a result of this effort would allow

one to confidently predict early in an aircraft development program as

to whether or not ice protection provisions are required. Such a

capability will greatly reduce the risk and cost of flight safety

decisions regarding ice accretion on aircraft surfaces especially for

general aviation. It will enable reduction or elimination of icing

testing. Monetary savings due to eliminating ice protection systems will

be maximized by making the decision early in the program. In addition,

this procedure will reduce the risk of making a bad decision which
would be hard to correct later.
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APPENDIX B - WORKSHOP AGENDA

Wednesday_ July 19

8:00 - 8:30 am

8:30 - 8:40 am

8:40 - 8:45 am

8:45 - 8:55 am

8:55 - 9:05 am

9:05 - I0:20 am

10:20 - 10:35 am

10:35 - 11:30 am

ii:30 - I:00 pm

i:00 - 2:30 pm

2:30 - 3:00 pm

3:00 - 4:30 pm

- Registration in Administration Building

- Opening Remarks (John Enders)

- Weleome, NASA Lewis (Dr. Bernard Lubarsky)

- General Announcements (David Bowditeh)

- Workshop Proeedures (John Enders)

- Keynote Speakers (Presentation of Theme Topies)

(i) "Ieing of Aireraft; Some Remarks With an

Historieal Slant From a Cloud Physieist"

- Dr. Robert M. Cunningham, Air Foree Geo-

physical Laboratory

(2) "The Safety Hazard of Aircraft Ieing" -

James C. MeLean, Jr., National Transpor-

tation Safety Board

(3) "Civil Helieopter leing Problems"- Peter

Sweeney, RCA Flight Operations

- Break

- Keynote Speakers

(_ "A Review of the Ieing Situation From

the Standpoint of General Aviation" -

Dennis W. Newton, Cessna Aircraft

(5) "Overview of Helicopter Iee Protection

System Developments"- Riehard I. Adams,

U.S. Army Applied Technology Laboratory

Lunch

Panel Organization

Break

ist Session
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Thursday, July 20

8:15 - 9:45 am - 2nd Session

9:45 - i0:00 am - Break

i0:00 - 11:30 am - 3rd Session

11:30 - I:00 pm - Lunch

i:00 - 2:30 pm - 4th Session

2:30 - 3:00 pm - Break

3:00 - 4:30 pm - 5th Session

Friday_ July 21

8:00 - 9:30 am -

9:30 - i0:00 am -

i0:00 - 11:45 am -

11:45 - 12:00 Noon -

Committee Report Preparation

Break

Committee Report Presentations

i. Meteorological Research

2. Icing Forecasting

3. Systems Development

4. Civil Operations

5. Military Operations

6. Icing Research and Facilities

Workshop Wrap-Up (John Enders)
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